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Summary 
 
Animal mediated pollination is essential to the production of many plants that 
humans utilise for food. Managed pollination services rely heavily on the European 
honeybee (Apis mellifera), which has recently experienced population declines due to 
several threats. This has encouraged the investigation into alternate insects to use for 
their pollination services. To aid this process, this study investigates the potential 
pollinators of apple and cherry crops in Australia by examining the timing of floral 
resource release of both crops to see if it, as well as temperature variation, might 
influence the visitation patterns of insects. Stingless bees (Tetragonula carbonaria), 
honeybees (Apis mellifera) and ants (family Formicidae) were the main insect groups 
to visit apple and cherry flowers in this study. Stingless bees were the most abundant 
visitors to apple (1107 visits) and cherry (232 visits) crops in Bilpin New South 
Wales, Australia, whilst honeybees were responsible for all but three visits to apple 
(116 visits) flowers in Orange NSW Australia. Video recordings revealed that 
stingless bees only collected pollen from apple and cherry flowers. Conversely, 
honeybees foraged for both nectar and pollen, but showed a preference for pollen. It 
is unlikely that the ants present on apple and cherry crops in Bilpin played a 
significant role in the pollination of these crops.  
 
Repeat sampling of apple and cherry flowers using microcapillary tubes and a 
refractometer revealed that cherry flowers appear to release the majority of their 
nectar and pollen resources within the first day of opening. Nectar production 
increased as the day progressed, and almost all anthers had opened by the end of the 
first day. Comparatively, apple flowers released their resources more gradually; 
nectar and pollen release were limited on the first day, and nectar release was highest 
overall at 08:00 coinciding with low temperatures and high humidity. Finally, the 
patterns in abundance and foraging behaviour obtained using hourly observations 
and video recordings were compared to the timing of floral resource release and 
temperature fluctuations. This revealed that changes in stingless bee abundance best 
aligned with the changes in anther dehiscence of both crops, whilst changes to 
honeybee abundance best aligned with the changes in nectar sucrose concentration of 
both crops. The abundance of ants did not align with the changes seen in either 
factor. This study provides insight into the usefulness of stingless bees and ants as 
12 
 
alternate pollinators and gives direction to future studies examining the pollination of 
apple and cherry crops. 
  
13 
 
Chapter 1- Introduction 
 
1.1. Pollination 
 
Pollination is the process by which most plants reproduce, and it is essential to the 
life of many organisms on the planet. Animal mediated pollination is a mutually 
beneficial relationship between plants and flower-frequenting fauna. Animals visiting 
flowers in search of food are rewarded with resources such as pollen and nectar, 
whilst plants are rewarded with the transportation of their male gametes, called 
pollen grains, often resulting in the transfer of pollen to a receptive stigma and the 
fertilisation of an ovule (Kearns et al. 1998). This plant-animal interaction is 
essential to the reproduction of 87.5% of flowering plant species on earth (Ollerton et 
al. 2011). 
 
As flowering plants are the primary producers of energy in many ecosystems 
(Schowalter 2006), all organisms utilising them (e.g. for food) would be 
disadvantaged if animal-mediated pollination were to cease (Kevan & Viana 2003). 
The termination of this ecosystem service would halt the reproduction of many 
flowering plants and limit their availability to organisms who use them as a food 
resource. Humans are one such beneficiary, as 35% of food crop species grown 
around the world rely on animals to transport pollen between flowers in order for 
them to produce fruit (Klein et al. 2007). Many of these crops could lose 
approximately 95% of their yield in the absence of pollinators (Garibaldi et al. 2009). 
Additionally, crops that are not reliant on animal pollination, because they can self-
pollinate, may also be disadvantaged as animal mediated pollen transfer can improve 
the fruit set and yield of these crops (Choi & Andersen 2001; Lane & Schmid 1984).  
 
1.2. The European honeybee 
 
Originally a species native to western Europe that was domesticated for honey 
production, the European honeybee, Apis mellifera, is the animal that crop producers 
around the world rely upon most to pollinate their flowering crops (Potts et al. 2010). 
Honeybees display a number of qualities that contribute to their wide use within the 
crop production industry. Firstly, they are flower generalists (Torres-Ruiz et al. 
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2013), meaning they are not restricted in only visiting flowers of a certain shape or 
species. Secondly, they show a high degree of floral constancy, meaning they 
generally limit their foraging activity to one plant species per foraging bout, so are 
less likely to transfer pollen between different species (Free 1963; Waser 1986). 
However, arguably some of their most important qualities for crop pollination are a 
result of their social organisation. Honeybees live in highly organised eusocial 
colonies, meaning a reproductive female, or queen, produces offspring that are 
classified as either male drones or female workers (Michener 2007). Workers are the 
most abundant group within a colony which can contain thousands of individuals. 
They perform multiple tasks depending on their age, including brood care, nest 
defence, nest maintenance and, most importantly, food collection (Michener 2007). 
Workers leave the nest to collect food for all individuals in the hive, including the 
queen, drones and brood whom do not collect food for themselves (Michener 2007). 
Some of this food is also stored in the colony as honey and pollen for use when floral 
resources are less available. When workers locate a profitable food source whilst 
foraging, they are able to convey its location to other workers using a waggle dance, 
prompting more bees to visit that resource (Beekman & Ratnieks 2000).  
 
Honeybees can also be kept in man-made hive boxes, which can be transported to 
areas requiring pollination (Garibaldi et al. 2013; Sabara & Winston 2003). Crop 
growers use honeybee hives during crop bloom to take advantage of the cohort of 
food collecting worker bees within each hive to temporarily increase pollinator 
populations. This is done to increase the visitation rate of pollen carrying organisms 
to each flower, which increases the likeliness of pollination and potential crop yield 
(James & Pitts-Singer 2008).  
 
1.3. Risks associated with the European honeybee 
 
Relying too heavily on one pollinator species is risky; if the pollinator is somehow 
unable to perform, then crop production can be impacted (Gardner & Ascher 2006). 
Unfortunately, the stability of pollination services provided by European honeybees 
has come into question in light of numerous stressors facing honeybees around the 
world (Department of Agriculture, Fisheries and Forestry 2011). Namely, pests and 
diseases can cause local and widespread honeybee population declines. Colony 
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Collapse Disorder (CCD) is a recent and commonly cited example of localised 
population declines. Whilst the exact causes of CCD are unknown, researchers have 
speculated that pesticides and pathogens such as Nosema ceranae might play a role 
(Farooqui 2013; Paxton 2010). The symptoms attributed to CCD include the sudden 
and significant reductions in mature worker bees and the subsequent invasion of hive 
pests in honeybee colonies (vanEngelsdorp et al. 2009). So far, only beekeepers in 
the United States of America and parts of Europe have reported cases of CCD in 
their hives (Dainat et al. 2012; Ellis et al. 2010; vanEngelsdorp et al. 2009). 
 
 A commonly cited cause of widespread honeybee population decline is the Varroa 
destructor mite. The primary host of V. destructor is the Asian honeybee, Apis 
cerana, however the mite underwent a host shift and began parasitising A. mellifera 
in the mid-twentieth century, causing reductions in managed and wild colonies 
around the world (Iwasaki et al. 2015; Rosenkranz et al. 2010). The mite sucks 
haemolymph from both bee brood and adults, decreasing the lifespan of individuals 
and therefore the colony by being a parasitic burden, whilst also increasing the 
spread of viruses such as deformed wing virus (Martin et al. 2012; Rosenkranz et al. 
2010). Colonies not treated for V. destructor, such as wild colonies, are expected to 
die off within three years of becoming infected (Rosenkranz et al. 2010).    
 
1.4. Pollination in Australia 
 
One of the few places yet to feel the effects of Varroa, deformed wing virus or 
Colony Collapse Disorder is Australia (Iwasaki et al. 2015; Roberts et al. 2017). 
Although its isolation and strict quarantine practices have done well to defend 
against Varroa, it is unlikely that the country will be able to remain unaffected 
indefinitely (Cunningham et al. 2002; Iwasaki et al. 2015). This is especially true 
considering the recent Varroa destructor and Varroa jacobsoni incursions in Port 
Melbourne and Townsville (Agriculture Victoria 2019; Department of Agriculture 
and Fisheries 2019). Despite the fact that A. mellifera is an introduced bee species in 
Australia (Cunningham et al. 2002), feral and managed A. mellifera populations are 
still highly valuable; according to Gordon and Davis (2003), honeybee pollination 
services were estimated to be worth $1.7 billion (AUD) to Australian agriculture. 
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Much like in other parts of the world (Torres-Ruiz et al. 2013), the threat of A. 
mellifera decline facing the Australian crop production industry has sparked an 
interest in identifying alternate pollinators and developing means to manage them for 
crop pollination (Department of Agriculture, Fisheries and Forestry 2011). To ensure 
sustainable crop production in Australia, more must be learned about basic plant-
pollinator interactions (Kearns et al. 1998), and native pollinator ecology 
(Cunningham et al. 2002).   
 
1.5. Apple and cherry pollination 
 
1.5.1. Flower structures 
 
Apple (Malus domestica) and sweet cherry (Prunus avium) crops are both members 
of the family Rosaceae. Most apple varieties depend heavily on cross-pollination 
provided by insects, as most are unable to produce adequate fruit set without 
receiving pollen from compatible polliniser cultivars (Mallinger et al. 2015; Ramírez 
& Davenport 2013). Typically, apple inflorescences are made up of four to seven 
flowers (Ramírez & Davenport 2013). The shape and size of apple flowers varies 
slightly between cultivars (Schneider et al. 2002), but in general, each apple flower 
has approximately 20 stamens and five styles (Fig. 1.1), each of which connects to an 
ovary containing two ovules (Hummer & Janick 2009; Jackson 2003; Pratt 2011; 
Ramírez & Davenport 2013). The stigmatic surface of each style must receive 
adequate pollination in order to fertilise both ovules; if one seed fails to develop from 
any of the ten ovules, then the fruit that develops can become misshapen (Sheffield et 
al. 2016). As such, inadequate pollination by insects can have an effect on not just 
the amount and quality of fruit produced, but also on the cost of the fruit (Garratt et 
al. 2014), as misshapen fruit are less marketable than normal fruit. 
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Figure 1.1. A Pink Lady apple flower with the anthers and styles labelled.  
 
 
In comparison, cherry flowers also have numerous anthers (Fig. 1.2), but only one 
style connected to two ovules, one of which aborts during fertilisation (James 2011).  
A number of sweet cherry varieties have been developed to be self-fertile, meaning 
they are able to self-pollinate. Whilst self-fertile varieties are less dependent on 
cross-pollination provided by insects, their fruit set can still benefit from insect 
pollination (Choi & Andersen 2001; Lane & Schmid 1984; Sutyemez 2011), because 
having adequate pollination and fertilisation can affect fruit set and fruit quality 
(Hummer & Janick 2009).  
 
 
18 
 
 
Figure 1.2. A Lapins cherry flower with the anthers and style labelled.  
 
 
1.5.2. Previous studies of apple and cherry pollination 
 
A main focus of many apple and cherry pollination studies has been comparing 
alternate pollinators against the European honeybee (Apis mellifera), which is used 
routinely in apple and cherry orchards to boost pollinator populations (James 2011; 
James & Pitts-Singer 2008; Sheffield et al. 2016). A study by Eeraerts et al. (2017) in 
Belgium found that fruit set, and the species richness and abundance of unmanaged 
insect visitors, decreased in highly cultivated areas. Meanwhile, honeybee abundance 
on sweet cherry crops increased within highly cultivated areas, which was likely due 
to the lack of alternative floral resources for honeybees to forage on (Eeraerts et al. 
2017). This suggests that wild pollinators are beneficial to sweet cherry fruit set, and 
their services cannot be replaced by simply increasing honeybee visitation (Eeraerts 
et al. 2017). Holzschuh et al. (2012) had similar findings; the fruit set of self-
incompatible varieties of sweet cherry in Germany was related to the number of 
visits by wild bees and not honeybees, despite the number of visits by honeybees 
being higher.  
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In apple pollination, Mallinger et al. (2015) found that wild bees were important to 
fruit set in the United States of America. The fruit set of apple orchards with 
honeybee hives installed on each farm (mostly honeybee pollinated) was compared 
with those that lacked honeybee hives (mostly wild bee pollinated). The researchers 
found that the fruit set of these two types of orchard did not differ significantly, 
suggesting that wild bees play a significant role in the pollination of apple flowers 
(Mallinger et al. 2015). Russo et al. (2017) also found that wild bee species play an 
important role in the pollination of apples that cannot be replaced by honeybees, and 
noted that the techniques bees use to collect resources from flowers, such as nectar 
robbing, influence their effectiveness as pollinators. Garratt et al. (2016) took a 
different approach to comparing apple pollinators by investigating the economic 
significance of four pollinator groups in the United Kingdom. After examining the 
pollination services provided to four apple varieties by these groups, the researchers 
found that solitary bees were the most beneficial as they were estimated to be worth 
£30 million per annum more than honeybees to apple production in the United 
Kingdom.  
 
Many studies compare the pollination abilities of wider insect groups to those of 
honeybees, rather than having direct species to species comparisons. Other bee 
species, such as those within the genera Andrena, Bombus, and Osmia, are also 
beneficial pollinators of apple and cherry flowers (Garratt et al. 2016; James & Pitts-
Singer 2008; Russo et al. 2017; Vicens & Bosch 2000). One study that does compare 
Apis mellifera with another species is Vicens and Bosch (2000). This study examined 
the activity of managed bee species Osmia cornuta and Apis mellifera on apple 
flowers in Spain in relation to climatic conditions experienced during bloom (Vicens 
& Bosch 2000). Overall, they found that O. cornuta was a more robust apple 
pollinator compared to honeybees as the species can be active under conditions that 
are not favourable to honeybees, such as overcast days where temperatures are cooler 
and solar radiation is reduced. (Vicens & Bosch 2000).   
 
Research into the floral resources of apple and cherry flowers, particularly studies 
relating to how resources influences insect activity, has been minimal. Gupta et al. 
(1990) compared the patterns in nectar secretion produced by wild cherry flowers 
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(Prunus puddum) to the daily foraging activity of the most abundant insect visitors, 
Apis mellifera and Apis indica. The study found that the sucrose content of nectar 
was highest during the first daily collection at 09:00 and did not replenish to its 
original level during successive collections (Gupta et al. 1990). Additionally, the 
number of nectar foragers from both species was highest at 11:00 and both species 
preferred to collect resources from flowers that were older than one day old (Gupta et 
al. 1990). Similarly, Finta (2004) examined the effect of nectar volume and sugar 
concentration on the foraging behaviour of honeybees visiting apple flowers in 
Hungary. They found that there were more nectar foraging honeybees when the sugar 
concentration of nectar was higher (Finta 2004). 
 
1.6. Field sites 
 
In this study, work on apple and cherry flowers was carried out in five orchards, 
labelled A to E, located in Bilpin (-33.4965° S, 150.529° E) and Orange (-33.282° S, 
149.097° E), New South Wales (Fig. 1.3). These regions were chosen because they 
are major growing areas for apple and cherry in NSW (AgriFutures Australia 2017a; 
AgriFutures Australia 2017b; James 2011). A self-fertile variety of sweet cherry 
called Lapins cherry, as well as the self-incompatible apple variety called Pink Lady, 
were chosen as the focal cultivars because they are both commonly grown varieties 
in Australia (AgriFutures Australia 2017a; AgriFutures Australia 2017b; James 
2011).  
 
Because of the timing of cherry and apple bloom, only one cherry orchard was 
examined fully in this study before apple bloom began. Cherry trees grown at 
orchard A were used in this study. The number of trees in each row were not equal, 
ranging from eight to eighteen, with gaps in each row where trees had been removed 
or died. Additionally, the flowering development of each tree was significantly 
varied (Fig. 1.4), and this influenced which trees were selected for use in each 
experiment. No beehives were kept on orchard A, and field work was conducted on 
Lapins from the 14th to the 21st of September 2018. 
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Figure 1.3. A map depicting the location of field sites. Image created using Google 
Maps (2019).  
 
 
Apple trees from each of the five orchards were examined as part of this study. Field 
work was conducted in Bilpin between the 22nd of September and the 20th of October 
2018, whilst fieldwork in Orange was conducted between the 8th and 17th of October 
2018. Managed Apis mellifera hives were kept at each orchard except orchard A (one 
hive at each of orchards D and E, two hives at orchard C and 5 hives at orchard B), 
whilst managed Tetragonula carbonaria stingless bee hives were only kept at 
orchard B (three hives).  
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Figure 1.4. Contrasting stages of flower development between two cherry trees in 
the same row on the same day.  
 
 
1.7. Thesis aims and outline 
 
Research regarding alternate pollinators of apple and cherry crops in Australia is 
notably lacking, with studies by Langridge and Jenkins (1970) and Langridge and 
Goodman (1973) stating that honeybees are the main flower visitors to apple and 
cherry crops in Victoria. As such, the main aim of this research was to acquire basic 
information about Australian apple and cherry crops and their potential pollinators. 
This included information regarding the abundance of insect visitors, how their 
visitation might be influenced by the floral resources of a crop and to what extent 
they are affected by temperature (Jackson 2003). 
 
The purpose of Chapter 2 is to identify the main insect visitors to apple and cherry 
crops by measuring their abundance using field observations, as well as determine 
what each insect group is foraging for using video recordings. This is done in order 
to determine 1) if A. mellifera is the most abundant insect visitor to apple and cherry 
flowers and 2) if insect visitors use both pollen and nectar provided by crop flowers, 
but forage for one more than the other.  
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Chapter 3 means to describe the release of apple and cherry floral resources in order 
to measure the effect of insect exclusion bags, flower age and time of day on 
resource release. The volume and sucrose concentration of nectar, as well as the 
progression of anther dehiscence, of apple and cherry flowers placed in bagged and 
open treatments are measured periodically over three days in order to determine 1) if 
flowers enclosed in insect exclusion bags produce more nectar with lower sucrose 
concentrations than those not placed in bags, with no significant difference in the 
progression of anther dehiscence between the treatments, 2) if the stage of anther 
dehiscence, as well as the volume and concentration of nectar produced by flowers in 
insect exclusion bags, differs significantly between the days of sampling and 3) if 
anther dehiscence, nectar volume and concentration of bagged flowers varies at 
different times of the day.  
 
Finally, the aim of Chapter 4 is to take the knowledge gained in chapters 2 and 3 to 
describe the daily patterns in insect visitation with the intention of comparing these 
patterns to patterns in daily floral resource release and temperature fluctuations in 
order to answer 1) if the number of individuals from each insect group foraging for 
different resources, as well as the overall abundance of each insect group, differs 
significantly at different times of day, and 2) if these changes coincide with changes 
in floral resource release or fluctuations in temperature. 
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Chapter 2- Identity, abundance and foraging behaviours of insect visitors 
 
2.1. Introduction 
 
Whilst the potential reduction in crop productivity due to decreased Apis mellifera 
populations is the main concern driving the search for alternative pollinators (Section 
1.4), it is not the only concern. Honeybees are the main species used for boosting 
pollination (Potts et al. 2010), but they are not always the best insects for the job. 
Westerkamp and Gottsberger (2000) suggest that because flowers from different crop 
species vary in shape and size, relying on honeybee workers for the pollination of so 
many crops is ill-advised. Due to their uniform size and pollinating technique, in 
many cases honeybees are not the best fit.  
 
An example of this is greenhouse grown tomatoes. Whilst small colonies of A. 
mellifera can be created to pollinate greenhouse tomatoes, researchers in Canada 
suggest they should only be utilised to supplement or substitute pollination by 
bumblebees (Sabara & Winston 2003). Bumblebees are the preferred pollinators of 
greenhouse tomatoes because their pollination technique, buzz pollination, produces 
more fruit of higher quality than honeybee pollination (Banda & Paxton 1991). 
Another insect identified as an effective pollinator of greenhouse tomatoes is the 
Australian native blue-banded bee, Amegilla chlorocyanea. Even though these bees 
are solitary and cannot easily be moved around in large numbers, Hogendoorn et al. 
(2006) showed that tomato yield improved when pollinated by blue-banded bees, 
which are also buzz pollinators, and that the yield improvement was similar to that 
provided by bumblebees. 
 
Research into open cropping systems has also found the role of honeybees in crop 
production to be less essential than previously believed. Holzschuh et al. (2012) 
showed that the number of flowers that develop into fruit (fruit set) from two self-
incompatible varieties of sweet cherry was determined by the number of visits 
performed by wild bees rather than honeybees, despite honeybees visiting cherry 
flowers twice as often as wild bees. Similarly, Mallinger et al. (2015) showed that the 
number of fruit set from apple flowers predominantly pollinated by wild bees was 
not significantly different to the fruit set flowers predominantly pollinated by 
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honeybees, indicating that wild bees are important to the pollination of apple flowers 
in Wisconsin, USA. Kremen et al. (2002) also demonstrated that pollination services 
provided by native bees to watermelon crops, which are highly dependent on animal 
pollination (Garibaldi et al. 2009), could equal those provided by honeybees by 
examining the pollen deposition of visiting species. Additionally, Kremen et al. 
(2002) found having a variety of native bees visit watermelon crops helped maintain 
pollination, as when the abundance of one species decreased, both daily and 
annually, the presence and abundance of other bee species were able to maintain the 
pollination services of the wild bee community.  
 
One of the issues with these studies is that they neglect to examine the effects of non-
bee pollinators, such as flies, wasps and beetles (Kevan & Baker 1983), on crop 
production. This is significant because pollination by non-bee insects could be as 
effective as pollination provided by bees (Rader et al. 2016). Whilst non-bee 
pollinators aren’t as efficient at transferring pollen between flowers per visit, the 
higher number of visits per flower can compensate for this, making the pollination 
services they provide just as effective as bees (Rader et al. 2016). Additionally, non-
bee insects might be more robust pollinators as they can rely less on natural habitats, 
making it easier for them to persist in an area (Rader et al. 2016). Another issue with 
these studies is they consider native bees as one group, neglecting to differentiate 
between the different species. By doing so, the identity of native bees which are 
beneficial to the production of these crops cannot be ascertained. In order to gain a 
better understanding of the structure of pollinator communities, Memmott (1999) 
suggests that all insect visiting flowers should be examined. This means it is prudent 
to identify all insects visiting crop flowers to the lowest taxonomic rank possible, 
rather than describing them in broad terms, in order to gain a better understanding of 
the pollinators of a crop. 
 
Another important aspect to plant-pollinator interactions, besides identifying which 
insects are interacting with crop flowers, is understanding why they are interacting 
with crop flowers. Most insects visit crop flowers in order to collect and consume 
floral resources (Abrol 2012). So, knowing what each insect group forages for when 
visiting crop flowers can indicate what influences their visitation on each crop. 
Additionally, insects foraging for different floral resources can have a different 
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pollen deposition rates. For example, nectar foraging honeybees can remove small 
amounts of pollen from flowers but deposit much of it onto stigmas, whereas pollen 
foraging honeybees collect comparatively lots of pollen, but deposit only a small 
amount of it onto stigmas (Young et al. 2007). Which is why having information on 
not only which insects visit crops, but also what they forage for, can be beneficial in 
determining potential pollinators.  
 
As there have been few studies focusing on the interactions between native insects 
and Australian crops, the focus of this study is to identify the predominant flower 
visitors to apple and cherry crops, measure their overall abundance and ascertain 
which floral resources they utilise when they visit. Whilst visitation does not equal 
pollination, and flower visitor studies do not directly quantify the pollinators of a 
crop (King et al. 2013), it is a good way to obtain baseline data about insects utilising 
the crops to start the screening process for alternative pollinators. This study tested to 
see if 1) A. mellifera, a versatile eusocial bee species (Moritz et al. 2005), was the 
most abundant visitor to apple and cherry flowers in Bilpin and Orange, and 2) if 
insect visitors use both nectar and pollen provided by each crop, but forage for one 
more than the other.  
 
2.2. Methods 
 
2.2.1. Identify and abundance of insect visitors 
 
Ten cherry trees at orchard A, and ten apple trees each at orchards A through E (Fig. 
1.3), were observed in this study. Three days of observations were performed on 
cherry flowers in Bilpin at orchard A. Observations on apple flowers in Bilpin were 
performed across seven days at orchards A (3), B (3) and C (1), whilst two days of 
observations were performed in Orange at orchard D (1) and E (1). In the apple 
orchards, trees were located in two adjacent rows of Pink Lady trees; the first five 
edge trees in each row were excluded to avoid edge effects, and every second tree 
thereafter was chosen for observation (Fig. 2.1). Due to the layout of cherry trees at 
orchard A, and the delayed flowering development of some of the trees (Fig. 1.4), ten 
cherry trees were selected across three rows, at minimum one tree away from the 
edge (Fig. 2.1). 
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Figure 2.1. Layout of apple trees at all orchards (A) and cherry trees at orchard A 
(B) selected for observation. 
 
 
Ten grouped, undamaged flowers were selected for observation on each tree and 
their location on the tree was marked with red flagging tape (Prospectors, 
https://prospectors.com.au) on each tree selected for observation. In a similar manner 
to other studies (Liu & Huang 2013; Muniz et al. 2013; Souza et al. 2017), insect 
visitation to each group of flowers was observed for three minutes every hour 
between 08:00 and 16:00. Observations at orchards C and E started at 09:00. A visit 
was only counted if the insect contacted the stamen or stigma of a flower, and insects 
that visited more than one of the 10 observed flowers were only counted as visiting 
once. Insect visitors were identified by sight to the lowest known taxonomic rank, 
and where possible, unknown insects were collected for later identification. During 
every observation, the date, time and site were recorded. Where possible, the same 
trees selected at each site were used for observations over a period of three days, and 
a new group of flowers were selected for observation between days. However, if 
trees finished blooming before three days of observations could be performed, new 
trees were selected.  
 
2.2.2. Foraging behaviour of insect visitors 
 
A digital video camera (Sony HDR-PJ410 Handycam, Tokyo Japan) was used to 
record insect behaviour on crop flowers. Cherry flowers at orchard A were recorded 
for three days. Apple flowers in Bilpin were recorded for nine days at orchard A (5), 
B (3), C (1), whilst four days of recordings were collected at orchards D (1) and E (3) 
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in Orange. A camera was used in place of direct observation so that other tasks could 
be performed simultaneously (Gilpin et al. 2017). The camera was set up in front of 
one cluster of flowers each day. Each cluster was selected arbitrarily, and trees 
selected for use in other experiments were excluded, as were trees on the ends of 
each row. Flowers were recorded for 15 minutes every hour between 08:00 and 
16:00. However, circumstances forced three days of recordings to begin at 09:00, one 
day each at orchards A, C and E. The camera was set up each day to have as many 
flowers in the camera’s macro field of view as possible. Because the number of 
flowers in the camera’s field of view was not the same between days, foraging 
behaviours were standardised by dividing the number of individuals performing each 
behaviour during every session by the number of flowers being recorded.  
 
When recordings were reviewed, only insects that contacted the anthers or stigma of 
flowers were included in analyses and were identified to the lowest known 
taxonomic rank. Insect behaviour was divided into four categories: foraging for 
nectar, foraging for pollen, foraging for both pollen and nectar, and other behaviour 
(e.g. landing on an anther and immediately taking off again).  
 
2.3. Analysis and results 
 
All statistical analyses were performed using R studio version 3.5.3 (RStudio Team 
2016). As it became apparent that Apis mellifera (honeybees), Tetragonula 
carbonaria (stingless bees) and Formicidae (ants) were the three most abundant 
insect groups to visit both crops during observations and recordings, they became the 
main focus of this study. Remaining insects were grouped and analysed in a category 
called “Other”. Shapiro-Wilk tests were performed on all datasets to test for normal 
distribution. When data was not normally distributed, non-parametric tests were 
used. 
 
2.3.1. Identity and abundance of insect visitors 
 
Kruskal-Wallis tests were used to compare the abundance of the four insect groups 
on each crop to determine if there were any differences. Following this, pairwise 
Wilcoxon ranked sum tests were used to determine the differences and similarities 
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between each insect group. The overall abundance of the main insect groups on each 
crop was graphed as the average number of visits by each insect group per 
observation period (three minutes). 
 
A total of nine days of observations on apple flowers yielded 1958 visits (1839 in 
Bilpin and 119 in Orange), whilst three days of cherry observations yielded 383 
visits. The three most abundant groups of insect visitors, stingless bees, honeybees 
and ants, accounted for 96.1% of all visits to apple flowers and 95.6% of visits to 
cherry flowers. The remaining 4.4% of visits to cherry flowers were made by 
individuals from the orders Diptera (11), Hemiptera (5) and Unidentified insects (1). 
The remaining 3.9% visits to apple were performed by individuals from Diptera (30), 
Coleoptera (24), Hymenoptera (10), Hemiptera (6), Araneae (1), Thysanoptera (2) 
and Unidentified insects (1). 
 
Significant differences were found when comparing the abundance of the main insect 
groups on each crop (Table 2.1). Stingless bees were the most abundant insect visitor 
to both apple (1107 individuals) and cherry (232 individuals) flowers in Bilpin (Fig. 
2.2). The abundance of honeybees was significantly lower than stingless bees (Fig. 
2.2), as they were only responsible for 75 visits to cherry flowers and 482 visits to 
apple flowers in Bilpin. However, honeybee abundance on apple flowers in Orange 
was significantly higher than Other insects (Fig. 2.2), with 116 and 3 visits 
respectively. Ants had the lowest abundance on apple and cherry in Bilpin (Fig. 2.2), 
with only 176 and 59 visits respectively.  
 
 
Table 2.1. Results of Kruskal-Wallis tests comparing the abundance of the four 
main insect groups on each crop. 
Crop H df p-value 
Cherry- Bilpin 70.944 3 <0.001 * 
Apple- Bilpin 391.89 3 <0.001 * 
Apple- Orange 238.24 3 <0.001 * 
 * indicates where results are significant (<0.05) 
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Figure 2.2. The average number of visits (±SE) to cherry flowers in Bilpin, and 
apple flowers in Bilpin and Orange by the main insect groups. Lowercase letters 
represent the results of pairwise Wilcoxon rank sum tests showing the differences 
and similarities between the number of visits performed by each insect group 
(Appendix 1). The abundance of groups with letters in common do not differ 
significantly.  
 
 
2.3.2. Foraging behaviour of insect visitors 
 
Only the foraging preferences of the three main insect groups, honeybees, stingless 
bees and ants, were examined in this section as these were the only groups common 
enough to provide adequate data. To test the resource preferences of each group, Chi-
square tests were used to compare the total number of nectar and pollen foragers 
from each group visiting apple and cherry crops. The null hypothesis of the Chi-
square tests was that each insect group showed no preference for nectar or pollen 
when visiting apple and cherry crops. The resource preferences of each insect group 
were graphed as the average number of visits performed by individuals foraging for 
nectar, pollen, both and other on each crop per recording period (15 minutes). 
 
Honeybees performed all foraging behaviours when visiting apple and cherry flowers 
(Fig. 2.3), showing a greater preference for nectar foraging on all crops (Table 2.2). 
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In contrast to this, stingless bees displayed only pollen foraging and other behaviour 
whilst visiting apple and cherry flowers in Bilpin (Fig 2.3), displaying a preference 
for pollen foraging in both cases (Table 2.2). Finally, ants displayed nectar foraging 
and other behaviour when visiting cherry flowers and performed all behaviours when 
visiting apple flowers in Bilpin (Fig 2.3), with nectar foraging the most prominent 
behaviour on both crops (Table 2.2). 
 
 
 
Figure 2.3. The average number of visits performed by A. mellifera, T. carbonaria 
and Formicidae individuals foraging for nectar, pollen, both and other on cherry 
flowers in Bilpin, and apple flowers in Bilpin and Orange.  
 
 
Table 2.2. Results of Chi-square tests comparing the total number of nectar and 
pollen foragers from each insect group visiting each crop. 
Crop Insect group X² df p-value 
 A. mellifera 2.1333 1 0.1441 
Cherry- Bilpin T. carbonaria 83 1 <0.001 * 
 Formicidae 9 1 0.003 * 
 A. mellifera 132.37 1 <0.001 * 
Apple- Bilpin T. carbonaria 547 1 <0.001 * 
 Formicidae 149.11 1 <0.001 * 
Apple- Orange A. mellifera 29.642 1 <0.001 * 
 * indicates where results are significant (<0.05)  
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2.4. Discussion 
 
2.4.1. Identity and abundance of insect visitors 
 
Contrary to the first hypothesis, this study showed that honeybees (A. mellifera) were 
not the most abundant insect visitors to apple and cherry crops in Bilpin, as visits by 
stingless bees (T. carbonaria) were twice as numerous (Fig. 2.2). This occurred 
despite the fact that honeybee hives were present at two of the three orchards in 
Bilpin, whilst managed stingless bees were only present on one (Section 1.6). This 
result was unexpected, as honeybees have previously been shown to be the dominant 
visitor to apple and sweet cherry flowers, especially when deliberately placed in 
orchards to increase pollinator populations (Eeraerts et al. 2017; Holzschuh et al. 
2012; Vicens & Bosch 2000). However, like honeybees, stingless bees are a eusocial 
bee species (Michener 2007). They live in large colonies of individuals separated 
into castes consisting of a queen, male drones and female workers. Workers, whom 
amongst other things are tasked with food collection, are often the most numerous 
group within a colony (Michener 2007). So, whilst it is unexpected for honeybees to 
be outnumbered by another insect group, especially when they were specifically 
placed in orchards, it is unsurprising that they were outnumbered by another eusocial 
species. However, stingless bees were notably absent from orchards in Orange (Fig. 
2.2). This is because Orange is located outside the tropical and sub-tropical areas of 
Australia where stingless bee species naturally persist (Michener 2007). In the 
absence of stingless bees, flower visitation in Orange was dominated by honeybees 
(Fig. 2.2). This is consistent with the first hypothesis that honeybees would be the 
dominant visitors to crop flowers. 
 
A study by Beekman and Ratnieks (2000) showed that A. mellifera can travel up to 
10 kilometres to collect food. This flight capability is much larger than that of T. 
carbonaria, which has only been recorded to travel 712 metres from their hive at 
maximum (Smith et al. 2017). Because honeybees can travel large distances, their 
access to floral resources is greater, meaning they can choose to forage on the most 
profitable floral resources within their flight range. Smith et al. (2017) suggests this 
is detrimental to the species as crop pollinators, as it is difficult for crop growers to 
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focus their visitation on a target crop species. As all but one orchard in Bilpin had 
honeybee hives present (Section 1.6), it is possible that honeybees were not as 
abundant on crops in Bilpin because individuals were flying greater distances to 
collect resources from more profitable flower patches. Because stingless bees cannot 
fly as far, the high number of visits they performed on apple and cherry flowers in 
Bilpin can be explained by their need to exploit the floral resources within their flight 
range.  
 
Additionally, local enhancement behaviours may have influenced the visitation of 
stingless bees to crop flowers. Some stingless bee species like to forage in close 
proximity to other nestmates; visiting flowers close to or already occupied by their 
kin (Slaa et al. 2003). This clustered foraging can be beneficial to increasing a 
group’s awareness of predators, as well as increasing their ability to defend a 
resource against other consumers (Clark & Mangel 1986). In this study, stingless 
bees were often observed foraging for floral resources in clusters; a single flower 
could be occupied by up to four individuals (Fig. 2.4). Future studies should note this 
behaviour, as simultaneous visitation can increase pollinator abundance to flowers, 
which may influence the likeliness of pollination occurring. 
 
 
Figure 2.4. Stingless bees displaying local enhancement behaviours on cherry (A) 
and apple (B) flowers in Bilpin.  
 
 
Ants had low visitation to apple and cherry flowers in Bilpin crops compared to 
stingless bees and honeybees (Fig. 2.2). Whilst ants were the third most abundant 
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insect group overall, their presence on these crops may have been driven by factors 
other than floral resources. Approximately 66.5% of the ants seen on apple flowers 
were observed on a single day at orchard B. Aphids were also numerous on apple 
trees on this day (Fig. 2.5). Ants use aphids as a honey-dew resource, and the 
presence of aphids on a plant can increase ant flower visitation (LeVan & Holway 
2015). Considering this, it is likely that ants would not have been one of the main 
visitors to apple flowers were it not for the presence of aphids. 
 
 
Figure 2.5. Aphids and an ant on the underside of an apple leaf at orchard A.  
 
 
Similarly, extrafloral nectaries might be responsible for the presence of ants on 
cherry crops. Extrafloral nectaries are small structures located on the leaves of cherry 
trees that secrete nectar (Fig. 2.6). There are two theories explaining why these 
structures exist. The defence theory proposes that extrafloral nectaries are part of a 
mutualism- the plant provides nectar to encourage ants to the plant, and the ants 
protect the plant from herbivores (Holland et al. 2011). The distraction theory 
suggests that extrafloral nectaries supply nectar away from the floral resources to 
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prevent ants from removing floral resources (Wagner & Kay 2002), deterring 
pollinators (Villamil Buenrostro et al. 2019) or reducing pollen viability (Beattie et 
al. 1984). Whilst these two theories are not mutually exclusive (Holland et al. 2011; 
Villamil Buenrostro et al. 2019), they both imply that ants are not intended to be 
pollinators. 
 
 
 
Figure 2.6. Extrafloral nectaries located at the base of Lapins cherry leaves. Photo 
by author.  
 
 
2.4.2. Foraging behaviour of insect visitors 
 
In accordance with previous studies on other apple varieties (Díaz et al. 2013; Finta 
2004), honeybees foraged for nectar more than pollen when visiting apple flowers in 
Bilpin and Orange (Fig. 2.3, Table 2.2). However, honeybees foraging for nectar can 
be disadvantageous to apple reproduction, depending on which strategy they use. 
Workers foraging for nectar can learn that by landing on the petals of apple flowers 
and forcing their tongues between the stamens they can collect nectar and avoid 
becoming covered in pollen grains (Thomson & Goodell 2001; Westerkamp & 
Gottsberger 2000). This nectar-robbing strategy is called side-working, with the 
strategy that induces contact with the stamens and stigma referred to as top-working 
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(Russo et al. 2017). Bees using the top-working strategy when visiting flowers in 
New York apple orchards were deemed more beneficial in predicting seed set than 
those using the side-working strategy in a study by Russo et al. (2017). Both nectar-
robbing and top-working foraging strategies were observed during recording periods 
(Personal observations). As this is the case, future studies should not only focus on 
which resources are being used by each insect group, but which strategies they are 
employing to collect them, as this will further indicate their involvement in crop 
pollination. 
  
Whilst honeybee foragers that visited apple flowers displayed a preference for nectar, 
the null hypothesis of an even number of pollen and nectar foragers could not be 
ruled out for honeybees visiting cherry flowers (Table 2.2.). The total number of A. 
mellifera nectar and pollen foragers observed on cherry flowers during the three days 
of recordings was 19 and 11 individuals respectively. As such, it is possible that the 
sample size of nectar and pollen foragers is too small to accurately determine 
differences between their numbers. Future studies should collect more data on the 
number of honeybees foraging for nectar and pollen, so that a more accurate 
determination of floral resource preferences can be made. 
 
Stingless bees were only recorded collecting pollen, which they carried between 
flowers in their corbiculae, and performing other behaviours when visiting apple and 
cherry flowers in Bilpin (Fig. 2.3). One explanation might be that stingless bees were 
utilising the mass flowering crops for pollen collection, whilst exploiting a different 
floral resource for nectar. Stingless bees are known to specialise in either pollen or 
nectar collection during a single foraging bout (Sommeijer et al. 1983), and they 
rarely forage for both (Leonhardt et al. 2007). A study by Leonhardt et al. (2007) 
suggests that the number of stingless bees collecting pollen or nectar from a plant can 
be driven by the quality of the resources it produces.  Bartareau (1996) showed that 
T. carbonaria will exploit feeding solutions provided to them with the highest sugar 
concentration, depending on their distance from the colony. The lack of nectar 
foragers on both apple and cherry flowers might be due to the quality of the nectar 
produced by these crops, causing foragers to exploit more profitable floral resources 
within their range.  
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The nutritional requirements of the colony may also have played a role in the 
foraging behaviour of stingless bees. During the cool, dry months of their 
experiment, Aleixo et al. (2017) found that colonies of the stingless bee species 
Scaptotrigona aff. depilis were only storing pollen in their food pots. The researchers 
suspected this was done in order to meet the protein needs of larvae. The winter 
leading up to apple and cherry bloom in spring is a time of decreased activity for 
stingless bees. T. carbonaria will only forage when the temperature reaches 18℃ 
(Heard & Hendrikz 1993). If the colony’s pollen stores were depleted during the 
winter, then stingless bee foragers may have taken advantage of the pollen produced 
by the mass flowering crops to replenish their pollen stores. A similar tactic was 
taken by A. mellifera in a study by Pernal and Currie (2001); the proportion of pollen 
to nectar foragers increased in times of depleted pollen stores. 
 
Ants foraging on apple and cherry flowers in Bilpin displayed higher nectar foraging 
behaviour than pollen foraging behaviour (Table 2.2). However, only ants visiting 
apple flowers foraged for pollen (Fig. 2.3). This is inconsistent with the hypothesis 
that both nectar and pollen would be used by each insect group, but one would be 
favoured. When collecting pollen to take back to their colony, ants store the grains in 
their foregut (Urbani & de Andrade 1997), making them inaccessible for pollination. 
Additionally, when pollen grains are transported between flowers on the body of 
ants, pollen viability can be degraded by exposure to a secretion produced by the 
metapleural gland of ants, which is used to reduce fungal growth in the colony 
(Beattie et al. 1985). These factors suggest that ants are unlikely to be suitable 
pollinators for apple and cherry flowers. In fact, as they are unlikely contributing 
anything to crop pollination, and show preference for nectar foraging, it is likely that 
ants are reducing the amount of nectar available for other pollinators on both crops. 
 
2.5. Conclusions 
 
This study provides some insight into the main visitors to apple and cherry flowers in 
Bilpin and Orange. Stingless bees were the most abundant insect group visiting apple 
and cherry crops in Bilpin. Meanwhile, Honeybees were the most abundant insect 
visitors to apple flowers in Orange where stingless bees cannot occur. The eusocial 
behaviour of stingless bees, as well as their tendency to forage in clusters and 
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inability to fly as far as honeybees, may have contributed to their large presence on 
apple and cherry flowers in Bilpin. Because of this, it is recommended that the 
contribution of these insects to the pollination of apple and cherry be further 
investigated. 
 
Only honeybees foraged for both nectar and pollen on all crops, showing a 
preference for apple nectar in both regions. However, future studies should focus on 
how they collect nectar, as honeybees may have been disadvantaging these crops by 
not interacting with the anthers or stigmas of flowers. Stingless bees did not forage 
for nectar on apple and cherry crops in Bilpin, which may be because the nectar 
provided was not as profitable as other resources available to them, or because their 
pollen stores were low. The numbers of ants on crop flowers may have been 
influenced by factors unrelated to pollination; aphids and extrafloral nectaries. This, 
coupled with the fact that ants can decrease pollen viability, indicates that their 
practicality as potential apple and cherry pollinators is minimal, and they might be a 
nuisance by removing resources intended for actual pollinators.  
 
  
39 
 
Chapter 3- Floral resource release 
 
3.1. Introduction 
 
As predominantly sessile organisms, plants are unable to actively seek out a mate to 
reproduce. Plants have overcome immobility by developing portable male gametes, 
called pollen grains (Frankel & Galun 1977), enabling their dispersal in the 
environment. Pollen grains must be carried to the receptive female structure of a 
flower, the stigma, by mediators such as wind or animals (Abrol 2012), with insects 
being the most common means of pollen transportation amongst angiosperms 
(Frankel & Galun 1977). Insect assisted plant reproduction does not occur without 
incentive. As insects gain nothing directly from the physical process of transporting 
plant pollen, they must be enticed to do so (Abrol 2012; Nepi et al. 2012). 
 
Food incentives are the main drivers behind insects visiting flowers. Pollen grains are 
sources of protein, lipids and nitrogen utilised by many insect groups (Roulston & 
Cane 2000). Insects visit flowers in search of pollen to consume. Pollen grains get 
stuck to the bodies of insects while they feed and they carry these grains to each 
flower they visit, inadvertently aiding in plant reproduction. In the case of many bee 
species, the transportation of pollen is deliberate; females collect and store pollen 
grains on their bodies in specialised structures, such as corbiculae or scopa, or in 
their crops to take back to their nest to feed offspring or store in their colony 
(Michener 2007). 
 
Insects interacting with flowers solely to consume pollen isn’t beneficial to plant 
reproduction as it reduces the male gametes available for pollination, which is why 
some plants produce nectar as an alternate resource. This sugary secretion is the main 
floral resource produced by angiosperms exclusively to attract pollinators to visit 
flowers (Abrol 2012; Escalante-Pérez & Heil 2012; Muniz et al. 2013). So, insect 
pollination can be mutually beneficial to both plants and insects; plants provide 
resources essential to insect survival and insects transport pollen grains between 
flowers (Kearns et al. 1998). This relationship is essential to the reproduction of 
87.5% of all angiosperm species (Ollerton et al. 2011), which includes the production 
of 35% of crop species grown world-wide (Klein et al. 2007). According to Klein et 
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al. (2007), the production of most crops would be impacted in pollinator limiting 
environments, and this includes apples, blueberries and tomatoes, which all benefit 
from insect pollination (Cutler et al. 2015; Hogendoorn et al. 2006; Kremen et al. 
2002; Mallinger et al. 2015; Ramírez & Davenport 2013). Additionally, crop such as 
watermelon, pumpkin, squash and zucchini could show yield losses averaging 95% if 
animal mediated pollination were to cease (Garibaldi et al. 2009). 
 
When different plant species flower simultaneously, competition for pollinators and 
the services they provide can occur. Plants compete for pollinator attention by having 
the most attractive floral resources. In particular, the amount of nectar produced, as 
well as its composition, greatly affects pollinator attraction (Muniz et al. 2013; 
Quinet et al. 2016; Schmidt et al. 2015). In general, insects benefit from plants 
producing large amounts of nectar and pollen, as this decreases the distance travelled 
and energy expended when searching for food (Pyke 1984; Willmer & Stone 2004). 
However, the preferred sugar concentration of nectar varies between insect species 
(Willmer & Stone 2004). For example, when faced with solutions of 10%, 20% and 
40% sugar, Tetragonula carbonaria foragers preferred to collect 40% sugar solutions 
(Bartareau 1996). Roubik and Buchmann (1984) found that when the nectar 
resources available to Apis mellifera and stingless bees in the genus Melipona differ 
in sugar concentration, 60% concentration was preferred by most species. 
Additionally, flies are capable of consuming nectar that is up to and above 70% sugar 
due to their ability to regurgitate liquid to aid the consumption of viscous nectar 
(Willmer & Stone 2004). The preference for solutions with a high sugar 
concentration is likely because insects can save energy fulfilling their sugar 
requirements on highly concentrated nectar compared to dilute nectar; multiple trips 
might be required if collecting large amounts of dilute nectar, which might use more 
energy than what is offered by the plant (Roubik & Buchmann 1984). 
 
The competition for pollinators between plants is an issue for many crop growers, as 
it can draw pollinator activity away from crops and onto other floral resources, such 
as weeds or native vegetation (Levin & Anderson 1970). The European honeybee, 
which is the most commonly managed pollinator species used in crop production 
(Potts et al. 2010), is also susceptible to this distraction. Even when they are brought 
into an area specifically to boost pollination, honeybees cannot be made to visit crop 
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flowers if there are floral resources within their flight range that are more attractive 
than the crop (Smith et al. 2017). That is why knowing the quality and quantity of 
crop floral resources can be helpful in understanding patterns in pollinator activity on 
different crop species (Muniz et al. 2013; Quinet et al. 2016; Schmidt et al. 2015). 
 
The quality and quantity of floral resources, particularly nectar, are rarely constant. 
Abiotic factors, such as temperature and humidity, influence the quality and quantity 
of nectar and pollen, and by extension, the insects that visit them. Increases in 
ambient temperature and decreases in humidity usually result in the nectar standing 
crop of a plant being low in volume and high in sugar concentration (Muniz et al. 
2013; Schmidt et al. 2015). In a study by Muniz et al. (2013), low temperatures and 
high humidity experienced in the morning resulted in basil plants producing large 
volumes of nectar low in sugar concentration. In the afternoon, when temperatures 
were high and humidity was low, plants produced less nectar that was more 
concentrated (Muniz et al. 2013). Temperature and humidity also play a role in the 
timing of pollen release. Anther dehiscence, which is the process where anthers dry 
out and split open to release the pollen grains inside, can be supressed when ambient 
humidity is high (Gradziel & Weinbaum 1999), which is often influenced by ambient 
temperature (Muniz et al. 2013). The timing of anther opening and pollen release is 
important (Taylor et al. 2011) as it needs to occur when stigma receptivity and 
pollinator activity is highest to maximise the chances of pollination occurring.  
 
As there is little published data concerning when floral rewards of apple and cherry 
flowers are released (Section 1.5.2), this study aimed to describe the release of 
nectar, sugar and pollen from apple and cherry flowers in Australia in order to 
measure the effects of flower bagging, flower age and time of day on resource 
release. This study tested to see if 1) flowers excluded from insect visitation produce 
higher amounts of nectar, have lower sucrose concentrations, but do not differ in the 
progression of anther dehiscence, when compared to open treatments, 2) the volume 
and concentration of nectar produced by bagged flowers, as well as the stage of 
anther dehiscence, differed significantly across three successive days of sampling, as 
has been reported for other plant species (Frier et al. 2016; Navarro 2001), and 3) the 
volume and concentration of nectar produced by bagged flowers, as well as the stage 
of anther dehiscence, varied with the time of day, with nectar volume highest and 
42 
 
sucrose concentration lowest in the morning, coinciding with lower temperatures and 
higher humidity (Muniz et al. 2013).   
 
3.2. Methods 
 
3.2.1. Nectar volume, sucrose concentration and anther dehiscence 
 
In this study, sampling was conducted on Lapins cherry trees from orchard A (Bilpin 
NSW), and Pink Lady trees from orchard A (Bilpin NSW) and E (Orange NSW) 
(Fig. 1.3). Five trees at each site were chosen for repeat sampling across a three-day 
period. When sampling in apple orchards, trees were selected from two adjacent 
rows; two trees in one row and three in the other (Fig. 3.1). The first five trees in 
each row were excluded from sampling, and trees selected for sampling were at least 
one tree apart. When sampling in the cherry orchard, trees were selected from across 
three rows, and end trees were not excluded (Fig. 3.1), due to the staggered flowering 
development of some trees (Fig. 1.4).  
 
 
 
Figure 3.1. Layout of apple trees (A) and cherry trees (B) selected for sampling. 
 
 
Eight buds on each tree were selected the day before sampling. Buds were selected 
based on the expectation that they would open the following day. Four buds were 
covered by 10cm x 15cm white organza bags (The Pouch Place Australia, 
http://www.thepouchplace.com.au) to exclude insect visitation while the remaining 
four were left open and their location was marked using grey wool tags (Fig. 3.2). 
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Where possible, two buds of each treatment were selected on opposing sides of each 
tree. 
 
 
 
Figure 3.2. Cherry flowers covered by insect exclusion bags and an open flower 
marked by a grey wool tag.  
 
 
To determine the timing of floral resource release, nectar was sampled from each 
flower at 08:00, 10:00, 12:00 and 14:00 using 1-5µL calibrated microcapillary tubes 
(Drummond Scientific Company, Broomall Pennsylvania). The amount of nectar 
collected from each flower was measured using the microlitre marks on the side of 
each tube, and this was recorded alongside the date, time, the tree number, flower 
number and the treatment. The sugar concentration of each nectar sample was 
measured using a hand-held refractometer (45-81 Eclipse Low volume refractometer, 
Bellingham and Stanley, United Kingdom). When he sucrose concentration was 
unable to be obtained due to insufficient nectar volume, ‘low volume’ was recorded. 
When each flower was measured for nectar secretion, the number of open anthers on 
each flower was also recorded. In a similar way to Schmidt et al. (2015), anther 
dehiscence was categorised as 0% anthers open (None), <50% anthers open (Some), 
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>50% anthers open (Most), 100% anthers open (All). Nectar secretion and anther 
dehiscence was measured on the same set of flowers four times a day for three 
consecutive days at each orchard to determine the effects of flower age on resource 
release. To ensure each flower was given the same amount of time to refill, flowers 
were processed in the same order each day.  
 
3.2.2. Temperature and humidity 
 
Ambient weather conditions during each sampling period were measured every half 
hour, in a similar manner to Vicens and Bosch (2000). Temperature, relative 
humidity, average wind speed and chill were measured using a Kestrel 3500 
(Nielsen-Kellerman Company, Boothwyn PA, USA).  
 
3.3. Analysis and results 
 
All statistical analyses were performed using R studio version 3.5.3 (RStudio Team 
2016). Shapiro-Wilk tests were performed on all datasets to test for normal 
distribution. When data was not normally distributed, non-parametric tests were 
used.  
 
3.3.1. Differences between treatments 
 
Kruskal-Wallis tests, suited for measuring both continuous and ordinal non-
parametric data, were used to test for differences in the progression of anther 
dehiscence, and the volume and sucrose concentration of nectar produced by flowers 
in bagged and open treatments on each crop. 
 
The amount of nectar produced by cherry flowers in Bilpin, and apple flowers in 
Bilpin and Orange, varied between 0.05-1.5 µL, 0.05-3.1 µL and 0.05-7.6 µL 
respectively, whilst sucrose concentrations varied between 5-21%, 4-45% and 3.5-
40% respectively. There were significant differences between the amount of floral 
resources produced by flowers in bagged and open treatments on each crop. Overall, 
bagged apple and cherry flowers in both regions produced significantly higher 
volumes of nectar than those in the open treatments (Table 3.1). Whilst not explicitly 
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demonstrated, this trend can be seen in Figure 3.3, which shows the average volume 
of bagged and open flowers across sampled days and times for each crop. 
 
 
Table 3.1. Results of Kruskal-Wallis tests comparing the anther dehiscence, 
volume and sucrose concentration of nectar produced by bagged and unbagged 
flowers on each crop.  
Crop Measure H df p-value 
 
Cherry- Bilpin 
Volume 7.3928 1 0.007 * 
Sucrose % 0.13027 1 0.718 
Anther dehiscence 22.726 1 <0.001* 
 
Apple- Bilpin 
Volume 42.016 1 <0.001* 
Sucrose % 21.534 1 <0.001* 
Anther dehiscence 15.997 1 <0.001* 
 
Apple- Orange 
Volume 4.6885 1 0.03 * 
Sucrose % 1.9631 1 0.161 
Anther dehiscence 0.13211 1 0.716 
*  indicates where values are significant  
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Figure 3.3. The average nectar volume (µL) ±SE produced by cherry flowers in 
Bilpin, and apple flowers in Bilpin and Orange across three days of sampling from 
bagged and open treatments. 
 
 
The sucrose concentration of nectar produced by bagged apple flowers in Bilpin was 
significantly higher than those in open treatments. However, the sucrose 
concentration of nectar produced in both treatments by cherry flowers in Bilpin and 
apple flowers in Orange did not differ significantly (Table 3.1). Whilst not explicitly 
shown, this can be seen in Figure 3.4 which shows the average sucrose concentration 
of bagged and open flowers across sample days and times for each crop. With that 
said, the number of nectar samples with sufficient volume to be measured for sucrose 
concentration was limited and those numbers were not consistent between treatments 
or time periods, and this may have influenced the results of this study. 
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Figure 3.4. The average sucrose concentration (%) ±SE of nectar produced by 
cherry flowers in Bilpin, and apple flowers in Bilpin and Orange across three days 
of sampling from bagged and open treatments. In cases where no standard error 
bar is present, only one sample was able to be measured. 
 
 
The progression of anther dehiscence was also significantly different between 
treatments for apple and cherry in Bilpin, as anthers in open treatments appear to 
open faster than those in bagged treatments (Table 3.1, Fig. 3.5). There was no 
significant difference between the progression of anther dehiscence in bagged and 
open apple flowers in Orange (Table 3.1).  
 
  
48 
 
Figure 3.5. The number of open anthers on cherry flowers in Bilpin (A), and apple 
flowers in Bilpin (B) and Orange (C) across three days of sampling from bagged 
and open treatments.  
 
49 
 
3.3.2. Differences between days 
 
To compare nectar volume, concentration of sucrose and progression of anther 
dehiscence of flowers between days, nectar volume, sucrose concentration and anther 
dehiscence data were grouped by crop, site and day. A Kruskal-Wallis test was 
performed on each grouped dataset to determine if there were any significant 
differences between these variables across the three days of sampling. Where 
significant differences in the volume and sucrose concentration were found between 
days, pairwise Wilcoxon ranked sum tests were performed determine on which day 
these variables were significantly different. The pairwise Wilcoxon ranked sum test 
was unable to be performed on anther dehiscence data sets as they were ordinal. 
Boxplots were used to show the distribution of sucrose concentrations across days. 
As the nectar volume data from each site was zero inflated, bar charts were used to 
show the average amount of nectar produced across days.  
 
Table 3.2 shows that there were significant differences between the volume and 
sucrose concentration of nectar and progression of anther dehiscence of bagged 
flowers between the three successive days of sampling on each crop. Only nectar 
volume from apple flowers in Bilpin did not differ significantly (Table 3.2). The 
amount of nectar produced by cherry flowers in Bilpin progressively decreased 
across the three days of sampling, whilst nectar produced by apple flowers in both 
regions was lowest on the first day (Fig. 3.6A). The sucrose concentration of nectar 
produced by cherry flowers in Bilpin and apple flowers in Orange is highest on the 
first day, and successively lower on subsequent days, whilst sucrose concentration 
produced by apple in Bilpin is lowest on the second day (Fig. 3.6B). The majority of 
cherry anthers opened on the first day, while the anthers of apple flowers in both 
regions remain closed on the first day, then gradually open over the second and third 
day (Fig. 3.6C).  
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Table 3.2. Results of Kruskal-Wallis tests comparing the nectar volume, sucrose 
concentration and anther dehiscence of bagged flowers across three days of 
sampling on each crop.  
Crop Measure H df p-value 
 
Cherry- Bilpin 
Volume 67.522 2 <0.001 * 
Sucrose % 7.4585 1 0.006 * 
Anther dehisce 161.74 2 <0.001 * 
 
Apple- Bilpin 
Volume 2.2471 2 0.325 
Sucrose % 21.202 2 <0.001 * 
Anther dehisce 166.22 2 <0.001 * 
 
Apple- Orange 
Volume 16.391 2 <0.001 * 
Sucrose % 44.771 2 <0.001 * 
Anther dehisce 173.3 2 <0.001 * 
*  indicates where values are significant (<0.05) 
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Figure 3.6. Differences in average nectar volume (A), sucrose concentration (B) 
and progression of anther dehiscence (C) in bagged and open flowers across three 
successive days of sampling on the three different crops. Lowercase letters 
represent the results of pairwise Wilcoxon tests performed on bagged flowers 
comparing differences in the volume and sucrose concentration of nectar produced 
between days (Appendix 2). Significant differences are indicated by differences in 
lowercase letters, similarities are indicated by shared lowercase letters.   
 
  
 
  
52 
 
3.3.3. Differences between times of day 
 
Nectar volume, sucrose concentration and anther dehiscence data were grouped by 
crop, site and sampling period (08:00, 10:00, 12:00 and 14:00) in order to give an 
estimate of what flowers would produce at different times of the day. A Kruskal-
Wallis test was performed on each grouped dataset to determine if there were any 
significant differences between these variables at different times of day. Where 
significant differences in nectar volume and sucrose concentration were found, 
pairwise Wilcoxon ranked sum tests were performed determine at which times these 
variables were significantly different. The pairwise Wilcoxon ranked sum test was 
unable to be performed on anther dehiscence data sets as they were ordinal. Boxplots 
were used to show the distribution of sucrose concentrations across different times of 
day. As the nectar volume data from each site was zero inflated, bar charts were used 
to show the average amount of nectar produced between different times of day.  
 
Table 3.3 shows that the volume and sucrose concentration of nectar, as well as 
progression of anther dehiscence of bagged flowers varies significantly at different 
times of day. The exceptions are anther dehiscence on apple flowers in both regions 
and sucrose concentration of cherry nectar. The average volume of nectar produced 
by bagged apple flowers in both regions is highest at 08:00 and lower later in the day 
(Fig. 3.7A). The average volume of nectar produced by cherry flowers shows an 
inverse trend to this; nectar volume is lowest in the morning and higher later in the 
day (Fig. 3.7A). The average sucrose concentration of bagged apple flowers in both 
regions is lowest in the morning and higher later in the day, while there appears to be 
no significant trend in the concentration of cherry nectar (Fig. 3.7B). Finally, there 
appears to be a greater number of cherry flowers with closed anthers at 08:00 
compared to later in the day, and the number of apple flowers with all their anthers 
open is higher at 14:00 in both regions (Fig. 3.7C).  
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Table 3.3. Results of Kruskal-Wallis tests comparing the differences between 
nectar volume, sucrose concentration and anther dehiscence of bagged flowers at 
08:00, 10:00, 12:00 and 14:00 on each crop. 
Crop Measure H df p-value 
 
Cherry- Bilpin 
Volume 9.4828 3 0.024 * 
Sucrose % 7.6672 3 0.053 
Anther dehisce 7.9388 3 0.047 * 
 
Apple- Bilpin 
Volume 30.74 3 <0.001 * 
Sucrose % 17.595 3 <0.001 * 
Anther dehisce 0.90327 3 0.825 
 
Apple- Orange 
Volume 13.611 3 0.003 * 
Sucrose % 37.722 3 <0.001 * 
Anther dehisce 3.7964 3 0.284 
*  indicates where values are significant (<0.05) 
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Figure 3.7. Differences in average nectar volume (A), sucrose concentration (B) 
and progression of anther dehiscence (C) in bagged and open flowers between time 
periods on the three different crops. Lowercase letters indicate the results of 
pairwise Wilcoxon tests performed on bagged flowers comparing differences in 
nectar volume and sucrose concentration at different times of day (Appendix 3). 
Differences are indicated by differences in lowercase letters, similarities are 
indicated by shared lowercase letters.   
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The average temperature during the three consecutive days of sampling on each crop 
is lowest in the morning and progressively increases throughout each day (Fig. 
3.8A). In contrast, average humidity is highest in the morning and progressively 
decreases as each day progress (Fig. 3.8B).  
 
 
 
Figure 3.8. The average temperature (℃) (A) and relative humidity (%) (B) of the 
three consecutive days of sampling on each crop. 
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3.4. Discussion 
 
3.4.1. Differences between treatments 
  
As expected, flowers excluded from insect visitation on all crops produced 
significantly more nectar than unbagged flowers (Table 3.1, Fig. 3.3). This suggests 
that insect visitors were unable to remove nectar from bagged flowers (Fig. 3.9), 
meaning organza bags were effective as insect excluders (Corbet 2003). The sucrose 
concentration of nectar produced by bagged apple flowers in Bilpin was significantly 
higher than the sucrose concentration produced by unbagged flowers (Table 3.1, Fig. 
3.4), even though the amount of nectar they produced was higher than unbagged 
flowers (Table 3.1). Additionally, the sucrose concentration of nectar produced by 
bagged cherry flowers and apple flowers in Orange did not differ significantly from 
that produced by unbagged flowers (Table 3.1). This is inconsistent with the 
hypothesis that bagged flowers would produce higher volumes of nectar with lower 
sucrose concentrations.  
 
The inconsistency of these results may have been influenced by the nectar collection 
methods chosen for this study. According to Petit et al. (2011), microcapillary tubes 
are capable of collecting most of the nectar within a flowers, however, they may 
leave behind more than 70% of the sugars if they are not evenly distributed within 
the nectar. Additionally, whilst microcapillary tubes have been used successfully to 
collect nectar samples in multiple studies (Descamps et al. 2018; Muniz et al. 2013; 
Willmer 1983), some studies warn that they might damage flower nectaries, 
especially in cases of repeat sampling, which can alter the quality and quantity of the 
nectar produced (Corbet 1978; Corbet 2003; Morrant et al. 2009). In this study, 
flower damage was noted after repeated nectar extraction using microcapillary tubes 
(Fig. 3.10). However, it is unclear how much of this damaged was caused by the 
capillary tubes and how much was result of the natural aging of the flowers. With 
this in mind, future repeat sampling studies should consider how much their flower 
handling may affect the quality and quantity of nectar produced, and opt for a 
collection method more suited to their study design (Corbet 2003).  
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Figure 3.9. A stingless bee unable to collect resources from a bagged flower.  
 
 
Bagged apple and cherry flowers in Bilpin showed slower rates of anther dehiscence 
compared to open treatments (Table 3.1, Fig. 3.5). This is inconsistent with the first 
hypothesis that there would be no significant difference in the progression of anther 
dehiscence between insect excluded and open flowers. Placing exclusion bags over 
flowers can alter the microclimate surrounding flowers. The amount of sunlight the 
flower receives, as well as the relative humidity and temperature surrounding flowers 
can be changed by exclusion bags (Kearns & Inouye 1993). Altering the 
microclimate around a flower can influence the evaporation of nectar (Corbet 2003), 
therefore altering nectar volume and sugar concentration. It can also slow the timing 
of anther dehiscence, as the opening of anthers can be supressed by high humidity 
(Gradziel & Weinbaum 1999). If the exclusion bags increased the relative humidity 
around apple and cherry flowers in Bilpin, this might explain why anthers of bagged 
flowers took longer to open. 
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However, another explanation for the difference in the progression of anther 
dehiscence might be due to the presence of Tetragonula carbonaria. This stingless 
bee species was present at orchards in Bilpin but were absent from orchards in 
Orange because these are outside the bee’s natural range (Section 2.4.1). During 
observations in Bilpin, stingless bees were seen only seen to forage for pollen and 
not nectar from both crops (Fig. 2.3) and were often observed foraging for pollen on 
anthers that had not split open yet by biting them (Personal observations). Stingless 
bees are known to damage anthers in order to rob pollen from flowers; e.g. stingless 
bees in the genus Trigona have been recorded biting the ends off the tubular anthers 
of Melastomataceae plant species in Brazil in order to expose and collect more 
pollen than could be reached naturally (Renner 1983). Whilst stingless bees have not 
previously been observed damaging immature anthers to collect pollen, if this did 
occur it could explain why anthers in bagged treatments dehisced slower than those 
in open treatments where stingless bees were present.  
 
 
Figure 3.10. Damage noted on cherry (A) and apple (B) flowers after repeat 
sampling using microcapillary tubes.  
 
 
3.4.2. Differences between days  
 
The second hypothesis that nectar volume, sugar concentration and anther dehiscence 
would be significantly different across three consecutive days of sampling is 
supported in all cases except when looking at nectar volume variation produced by 
apple flowers in Bilpin (Table 3.2). Cherry flowers produce the most nectar on the 
first day of opening, and this coincides with the majority of anther dehiscence and 
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the highest average sugar concentration (Fig 3.6). A study by Frier et al. (2016) 
found that the early production of nectar by haskap (Lonicera caerulea) 
inflorescences was associated with the rapid dehiscence of anthers, and suggest that 
they occur simultaneously in order to attract pollinators to flowers. They also suggest 
that the rapid opening of anthers and bulk release of pollen might increase the 
likeliness of self-pollination. As cherry flowers appear to release the majority of their 
resources on the first day of opening, it is possible they are exhibiting a similar 
strategy; attract as many pollinators as possible with as much pollen and nectar on 
the first day of opening. And as Lapins flowers are self-compatible but benefit from 
cross pollination (Lane & Schmid 1984), the increased possibility of self-pollination 
may have minimal negative consequences. In contrast to this, apple flowers in both 
regions produced the least nectar on the first day, which is when most flowers have 
all their anthers closed, and there is no consistent trend in sucrose concentration 
between the two apple crops (Fig. 3.6). This pattern could be seen as a strategy of 
apple flowers to encourage insect visitation with nectar production only when pollen 
release has begun. 
 
3.4.3. Differences between times of day 
 
Additionally, apple flowers in both regions produced the highest amount of dilute 
nectar at 08:00 (Fig 3.7), and this coincided with low temperatures and high humidity 
(Fig. 3.8). This is consistent with the third hypothesis that volume would be highest 
and sucrose would be lowest when temperature was lowest and humidity was highest 
in the morning. The opening of apple anthers did not differ significantly between the 
different times of day, indicating the release of pollen by apple flowers is relatively 
constant. This is consistent with findings by J.B (Unpublished cited in Vicens & 
Bosch 2000). Comparatively, cherry flowers produced the lowest amount of nectar at 
08:00, with nectar sucrose concentrations remaining stable across time (Fig. 3.7). 
This is inconsistent with the third hypothesis. As the majority of resource release by 
cherry flowers is done on the first day (Fig. 3.6), it is prudent to focus on the changes 
in resources released on that first day. There is minimal nectar production at 08:00 on 
day one (Fig. 3.3), and this coincides with the majority of flowers having no anthers 
dehisced (Fig. 3.5) which is likely due to the higher humidity experienced at this 
time (Fig. 3.8B) (Gradziel & Weinbaum 1999). Therefore, because floral resource 
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release is more rapid in cherry compared to apple, the patterns in floral resource 
release are not the same between the two species.   
 
3.5. Conclusions 
 
This study describes several patterns in the floral resource release of apple and cherry 
flowers. Insect exclusion bags increased the accuracy of nectar measurements by 
ensuring nectar was not removed from flowers by insects. However, the differences 
in anther dehiscence between bagged and open flowers may indicate that exclusion 
bags altered the timing of anther opening, or protected anthers from being 
prematurely opened by insects. There was a significant difference in the amount of 
cherry floral resources released between days; the majority of nectar was produced, 
and most anthers opened, on the first day. Sucrose concentration was also highest on 
the first day. There were also significant differences in the amount of nectar 
produced and anthers open during the different times of day, and this was reflective 
of the fluctuations experienced on the first day; little nectar was produced at 08:00 
when most anthers were closed, and nectar volume increased progressively as more 
anthers opened. The sucrose concentration did not vary significantly during the 
different times of day. 
 
In comparison, apple flowers in both regions released their resources more evenly 
over three days. Apple anthers remained mostly closed on the first day and opened 
progressively over the second and third days. Correspondingly, more nectar was 
produced by two- and three-day old flowers compared to one day old flowers. 
Because apple anthers opened gradually, there was a significant difference in the 
number of open anthers between days. However, there was no significant difference 
in the number of open anthers during the different times of day. Additionally, the 
amount of nectar produced was highest at 08:00 whilst sucrose concentration was 
correspondingly low, coinciding with low temperatures and high humidity.  
 
To ensure the accurate measurement of apple and cherry floral resources in future 
studies, care should be taken when selecting a nectar collection method, especially in 
repeat sampling experiments, so that the damage to flowers, and impact on results, is 
minimal. Additionally, the degree to which stingless bees and organza bags affect 
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anther opening should be investigated so that the timing of anther dehiscence of 
apple and cherry flowers can be correctly measured.   
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Chapter 4- Patterns in insect visitation 
 
4.1. Introduction 
 
Understanding the abundance of insects on crops, as well as what attracts them to the 
crop, are important considerations when assessing the potential of insect visitors to 
be viable crop pollinators (Jackson 2003). Knowing what motivates the timing of 
their activity is also important to consider (Baldock et al. 2011), as this can indicate 
what may limit their activity on crops. Insect activity varies on both a seasonal and 
daily time scale (Willmer & Stone 2004). In temperate climates, seasonal variation in 
insect activity is noticeable (Wolda 1988). Conditions experienced in the colder 
months of the year, such as shortened daylength, lower temperatures and decreased 
food availability, can cause insect activity to decrease (Leather et al. 1995). As a 
result, some insects align their emergence with spring and summer seasons (Larsson 
& Tengö 1989), as this is when food is more available and cold temperatures don’t 
inhibit insect activity as greatly.  
 
Daily patterns in insect activity can also be regimented. Insects are poikilotherms 
(Leather et al. 1995), meaning they cannot physically regulate their body temperature 
and are largely dependent on ambient climates to facilitate their activity. Insects rely 
on external sources of heat, and behavioural adaptations, to maintain their body 
temperature at a level that facilitates their mobility (Burrill & Dietz 1981; Corbert et 
al. 1993; Esch 1988; May 1979; Taylor 1963). Because of this, most are very 
sensitive to changes in temperature; decreased levels of activity can be seen when 
temperatures go above or below their optimum range (Burrill & Dietz 1981; Herrera 
1990; Mellanby 1939). Additionally, many insects, including a number of bee 
species, will not fly when the level of solar irradiance, measured as the amount of 
electromagnetic energy received from the sun, is low (Burrill & Dietz 1981; Vicens 
& Bosch 2000). This is probably because regulating body temperature using heat 
generated by the sun is a key thermoregulatory technique to most insects (May 
1979). In a study by Vicens and Bosch (2000), daily activity of Apis mellifera and 
Osmia cornuta (Latreille) began and ended at the same level of solar radiation, but 
began at a lower temperature to when it ended. The researchers suggested that the 
ambient temperature may have restricted the initiation of insect activity, whilst the 
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level of solar irradiance influenced when activity ended (Vicens & Bosch 2000). 
Burrill and Dietz (1981) found that both ambient temperature and solar irradiance 
can limit insect activity independently of each other, meaning the most limiting 
factor has the most potential to explain insect activity on any given day (Corbert et 
al. 1993).  
 
Whilst temperature and solar radiation can physically restrict the activity of insects, 
floral resources can influence the activity of insects on crops. As floral resources, 
particularly nectar, are produced by plants to attract pollinators (Abrol 2012), 
changes to the quality and quantity of these resources can change the attractiveness 
of crop flowers to insect visitors (Section 3.1), which may influence the decision of 
insects to perform subsequent visits. Descamps et al. (2018) showed that bumblebees 
preferred to visit Borago officinalis (family Boraginaceae) flowers that produced 
nectar high in volume and sugar content compared to flowers from water stressed 
plants of the same species that produced nectar low in sugar content and volume.  
 
Some studies examining plant-pollinator interactions encourage examining the 
timing of floral resource release in conjunction with the timing of insect visitation 
(Baldock et al. 2011; Szigeti et al. 2019). They recommend this so the effect of plant 
attractiveness to insect visitors can be considered when trying to explain their 
patterns in visitation, and so the timing of visitation can be compared to the release 
of pollen, which is significant to plant reproduction (Baldock et al. 2011; Szigeti et 
al. 2019). Stone et al. (1996) is one such study that examines the timing of pollen 
release in relation to the timing of insect activity. The study found that four co-
existing Acacia species were able to differentially utilise the same pollinator guilds 
by differing the timing of their pollen release (Stone et al. 1996). Because these 
Acacia species made themselves attractive to pollinators at different times of the day, 
and because pollinator activity was partitioned temporally as a result, the transfer of 
intraspecific pollen may have been improved (Stone et al. 1996).  
 
Because there are multiple drivers of insect visitation to flowers each day, it is 
prudent to consider multiple explanatory factors of insect activity when examining 
plant-pollinator interactions. This is especially important when a factor can affect 
visitation in more than one way. In order to understand the patterns in insect activity 
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to basil flowers, Muniz et al. (2013) investigated how factors such as temperature, 
humidity and floral resource release interact to affect insect activity in Brazil. They 
found that temperature could have direct and indirect effects on insect activity, as it 
both dictated when insects of different sizes began foraging and influenced the 
release of nectar from basil flowers (Muniz et al. 2013). Another study by Willmer 
(1983) found that solar radiation best explained the daily patterns of honeybees and 
fly species to flowers of a hybrid Tilia platjlphyllos (family Malvaceae) plant, as 
well as Heracleum sphondylium (family Apiaceae) plants. However, the activity of 
bumblebees on these flowers was better explained by nectar release (Willmer 1983). 
This is because bumblebees are less restricted by solar radiation due to their size and 
somewhat insulative hairs (Willmer 1983). 
 
In order to better understand the interactions between insect visitors and apple and 
cherry crops in an Australian context, the main aim of this study is to describe the 
patterns of insect visitation on each crop and explore how biotic and abiotic factors 
might potentially influence the interactions between plants and insect visitors. 
Changes to the abundance of insects visiting crop flowers, as well as the number of 
individuals foraging for different floral resources, is documented and compared 
against the daily changes in temperature and floral resource release in order to 
determine 1) if the number of individuals foraging for different resources, as well as 
the overall abundance, of each insect group differs significantly at different times of 
day, and 2) if these changes coincide with changes in floral resource release or 
fluctuations in temperature. 
 
4.2. Methods 
 
4.2.1. Daily patterns in foraging behaviour 
 
A digital video camera (Sony HDR-PJ410 Handycam, Tokyo Japan) was used to 
record insect behaviour on crop flowers for 15 minutes every hour between 08:00 
and 16:00. A total of three days of recordings were performed on cherry flowers at 
orchard A in Bilpin. Seven days of recordings were performed on apple flowers at 
orchards A (4) and B (3) in Bilpin, whilst three days of recordings were performed at 
orchards D (1) and E (2) in Orange. The camera was set up in front of one arbitrarily 
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selected cluster of flowers each day. Trees on the ends of each row were excluded, as 
were those used in other experiments. The camera was set up to maximise the 
number of flowers in the field of view each day, and because this number varied day 
to day, foraging behaviours were standardised by dividing the number of individuals 
performing each behaviour during every session by the number of flowers being 
recorded. 
 
When recordings were reviewed, only insects that contacted the anthers or stigma of 
flowers were included in analyses and were identified to the lowest known 
taxonomic rank. Insect behaviour was divided into four categories: foraging for 
nectar, foraging for pollen, foraging for both pollen and nectar, and other behaviour 
(e.g. landing on an anther and immediately taking off again). Data was then 
combined to obtain the average number of visits by foragers of each insect group 
during each recording period. 
 
4.2.2. Daily patterns in abundance 
 
Three days of observations were performed on cherry flowers at orchard A in Bilpin. 
Observations on apple flowers in Bilpin were performed across six days at orchards 
A (3) and B (3), whilst one day of observations were performed in Orange at orchard 
D. Ten apple and cherry trees were selected for observation at each orchard. Apple 
trees were selected from two adjacent rows, whilst cherry trees were selected across 
three adjacent rows (See section 2.2.1 for more information).  
 
Ten undamaged flowers were selected on each tree for observation, and their location 
on the tree was marked using red flagging tape (Prospectors, 
https://prospectors.com.au). Insect visitation to each group of flowers was observed 
for three minutes every hour between 08:00 and 16:00. A visit was only counted if 
the insect contacted the stamen or stigma of a flower, and insects that visited more 
than one of the 10 observed flowers were only counted as visiting once. Insect 
visitors were identified by sight to the lowest known taxonomic rank, and where 
possible, unknown insects were collected for later identification. Where possible, the 
same trees selected at each site were used for observations over a period of three 
days while a new group of flowers were selected for observation between days. 
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However, if trees finished blooming before three days of observations could be 
performed, new trees were selected. 
 
4.2.3. Daily patterns in temperature 
 
Daily weather conditions, including temperature, were measured every half hour 
using a Kestrel 3500 (Nielsen-Kellerman Company, Boothwyn PA, USA). The 
average temperature of each observation period were calculated and used to represent 
the ambient conditions of each observation period each day (Vicens & Bosch 2000). 
 
4.3. Analysis and results 
 
All statistical analyses were performed using R studio version 3.5.3 (RStudio Team 
2016). As it became apparent that Apis mellifera (honeybees), Tetragonula 
carbonaria (stingless bees) and Formicidae (ants) were the three most abundant 
insect groups to visit both crops during observations and recordings, they became the 
main focus of this study. Shapiro-Wilk tests were performed on all datasets to test for 
normal distribution. When data was not normally distributed, non-parametric tests 
were used. 
 
4.3.1. Patterns in foraging activity 
 
To determine changes in the number of individuals from each insect group foraging 
for nectar, pollen, both or other at different times of the day, data was grouped by 
crop, insect group, foraging behaviour and time of day. Non-parametric Kruskal-
Wallis tests were used to determine if the number of nectar, pollen, both and other 
foragers changed significantly at different times of day. 
 
Table 4.1 shows that the number of individuals from each insect group foraging for 
nectar, pollen, both and other does not change significantly throughout the day. This 
is best illustrated in Figure 4.1, which shows there is little variation in the average 
number of visits made by individuals foraging for floral resources on each crop. 
However, despite not being significant, there is noticeable variation in the number of 
stingless bees foraging for pollen on apple flowers in Bilpin (Fig. 4.1). These pollen 
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foragers were most abundant at 09:00, and their numbers gradually decreased as the 
day progressed (Fig. 4.1).  
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Table 4.1. Results of Kruskal-Wallis tests comparing the number of nectar, pollen, 
both and other foragers recorded at different times of day on each crop.  
Crop Insect group Foraging for H df p-value 
  Nectar 5.5043 7 0.599 
 A. mellifera Pollen 5.919 7 0.549 
  Both 3.6874 7 0.815 
  Other 6.5582 7 0.476 
  Nectar - - - 
Cherry - 
Bilpin T. carbonaria Pollen 
1.6699 
7 
0.976 
  Both - - - 
  Other 2.1802 7 0.949 
  Nectar 3.7006 7 0.814 
 Formicidae Pollen - - - 
  Both - - - 
  Other 8.9484 7 0.256 
  Nectar 7.1223 7 0.416 
 A. mellifera Pollen 4.7634 7 0.689 
  Both 5.1972 7 0.636 
  Other 5.9821 7 0.542 
  Nectar - - - 
Apple - 
Bilpin T. carbonaria Pollen 
2.5916 
7 
0.92 
  Both - - - 
  Other 6.1045 7 0.528 
  Nectar 1.0173 7 0.995 
 Formicidae Pollen 4.0765 7 0.771 
  Both 4.077 7 0.771 
  Other 2.0272 7 0.958 
  Nectar 7 7 0.429 
 A. mellifera Pollen 7 7 0.429 
  Both 7 7 0.429 
  Other 7 7 0.4289 
  Nectar - - - 
Apple - 
Orange T. carbonaria Pollen - - - 
  Both - - - 
  Other - - - 
  Nectar - - - 
 Formicidae Pollen - - - 
  Both - - - 
  Other - - - 
* indicates where values are significant (<0.05), - indicates no data was available 
            
 
69 
 
 
 
Figure 4.1. The average number of visits to cherry flowers in Bilpin, and apple 
flowers in Bilpin and Orange by A. mellifera, T. carbonaria and Formicidae 
individuals foraging for nectar, pollen, both and other at different times of the day  
 
 
4.3.2. Patterns in abundance 
 
To determine how the abundance of each insect group changed over the course of a 
day, data was first grouped by crop, insect group and the number of individuals seen 
visiting at the different times of day. Kruskal-Wallis tests were used to compare the 
abundance of each insect group at different times of the day, following a similar 
method to Souza et al. (2017). Where these tests indicated significant differences, 
pairwise Wilcoxon ranked sum tests were performed to determine at which times the 
abundance of each group was significantly different. 
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The abundance of honeybees differed significantly during the day on cherry and 
apple flowers in Bilpin and Orange (Table 4.2). The abundance of stingless bees and 
ants also differed significantly throughout the day on cherry flowers but did not 
differ on apple flowers in Bilpin (Table 4.2). This is shown in Figure 4.2, where the 
abundance of ants and stingless bees on cherry flowers is lowest during the 08:00 
and 09:00 observation periods respectively and increased as the day progressed. 
Meanwhile, their abundance on apple flowers in Bilpin is relatively constant. Figure 
4.2 also shows the abundance of honeybees on apple flowers in both regions is 
lowest during the 08:00 observation period, whilst there was no significant difference 
between the abundance of honeybees visiting cherry flowers during each observation 
period (Appendix 4), despite Table 4.2 indicating a significant difference. 
 
 
Table 4.2. Results of Kruskal-Wallis tests comparing the abundance of each insect 
group at different times of day on each crop.   
Crop Insect group Chi-square df p-value 
 A. mellifera 14.229 7 0.047 * 
Cherry - Bilpin T. carbonaria 21.981 7 0.002 * 
 Formicidae 17.526 7 0.014 * 
 A. mellifera 38.016 7 <0.001 * 
Apple - Bilpin T. carbonaria 1.8952 7 0.827 
 Formicidae 3.5672 7 0.806 
Apple - Orange A. mellifera 19.879 7 0.034 * 
* indicates where values are significant (<0.05) 
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Figure 4.2. The average number of visits by the main insect groups to cherry 
flowers in Bilpin, and apple flowers in Bilpin and Orange by at different times of 
the day. Lowercase letters represent the results of pairwise Wilcoxon rank sum 
tests comparing the differences and similarities in abundance of each group at 
different times of the day (Appendix 4). Differences are indicated by differences in 
lowercase letters, similarities are indicated by shared lowercase letters.   
 
 
4.3.3. Patterns in floral resource release 
 
To compare nectar volume, sucrose concentration and progression of anther 
dehiscence of flowers at different times of day, data was grouped by crop and then 
time. Kruskal-Wallis tests were performed on the volume, sucrose concentration and 
anther dehisce data from each crop to determine if there was significant variation in 
these measures at different times of day. Where significant differences between 
nectar volume or sucrose concentration were found, a pairwise Wilcoxon ranked sum 
test was performed to determine at which times these variables were significantly 
different. Pairwise Wilcoxon ranked sum tests were unable to be performed on anther 
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dehiscence data as this data was ordinal. Boxplots were used to show the distribution 
of sucrose concentrations at different times of day. As the nectar volume data from 
each site was zero inflated, bar charts were used to show the average amount of 
nectar produced at different times of day.  
 
There was significant variation in the amount of nectar produced by each crop at the 
different times of day (Table 4.3). The amount of nectar produced by cherry flowers 
was lowest at 08:00 and became higher as time progressed, whereas nectar produced 
by apple flowers in both regions was highest at 08:00 and lower during the remaining 
sample periods (Fig. 4.3A). The sucrose concentration of cherry nectar did not differ 
significantly at different times of day (Table 4.3, Figure 4.3B). Contrastingly, the 
sucrose concentration produced by apple flowers in both regions was significantly 
lower at 08:00 (Table 4.3, Figure 4.3B). There was a significant difference in the 
number of open anthers on cherry flowers during each sample period (Table 4.3, 
Figure 4.3C), and this variation was mostly derived from activity on the first day of 
flower opening (Section 3.4.3). In comparison, there was no significant difference in 
the number of anthers dehisced on apple flowers in both regions during each sample 
period (Table 4.3, Figure 4.3C).  
 
 
 
 
  
Table 4.3. Results of Kruskal-Wallis tests comparing the nectar volume, sucrose 
concentration and anther dehisce produced by bagged flowers at 08:00, 10:00, 
12:00 and 14:00 on the three different crops. 
Crop Measure H df p-value 
 
Cherry- Bilpin 
Volume 9.4828 3 0.024 * 
Sucrose % 7.6672 3 0.05341 
Anther dehisce 7.9388 3 0.047 * 
 
Apple- Bilpin 
Volume 30.74 3 <0.001 * 
Sucrose % 17.595 3 <0.001 * 
Anther dehisce 0.90327 3 0.825 
 
Apple- Orange 
Volume 13.611 3 0.003 * 
Sucrose % 37.722 3 <0.001 * 
Anther dehisce 3.7964 3 0.2843 
*  indicates where values are significant (<0.05) 
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Figure 4.3. The average nectar volume (µL) (A), sucrose concentration (%) (B) 
and anther dehiscence (C) produced by bagged apple and cherry flowers in Bilpin 
and Orange at different times of day. Lowercase letters indicate the results of 
pairwise Wilcoxon tests performed on bagged flowers comparing differences in 
nectar volume and sucrose concentration at different times of day (Appendix 3). 
Differences are indicated by differences in lowercase letters, similarities are 
indicated by shared lowercase letters.   
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4.3.4. Patterns in temperature 
 
To determine how temperature changed at different times of day, data was first 
grouped by crop and then by observation period. A Kruskal-Wallis test was used to 
compare the differences in temperature during each observation period at different 
times of the day. 
 
There was no significant variation in temperature during each observation period 
when examining each crop (Table 4.4). Figure .44, which displays the temperatures 
experienced during each day of observations at each site, shows that temperatures are 
generally lower during the 08:00 observation period, and steadily increasing as time 
progresses.    
 
 
Table 4.4. Results of Kruskal-Wallis tests comparing the average temperature 
between observation periods at each site.  
Crop H df p-value 
Cherry - Bilpin 5.6925 7 0.5761 
Apple - Bilpin 8.219 7 0.3137 
Apple - Orange 7 7 0.4289 
* indicates where values are significant (<0.05) 
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Figure 4.4 The temperatures (℃) experienced by cherry flowers in Bilpin and 
apple flowers in Bilpin and Orange during each observation period. Each line 
represents the temperatures experienced during a single day of observations.   
 
 
4.4. Discussion 
 
4.4.1. Patterns in foraging behaviour 
 
The number of individuals from each insect group foraging for nectar, pollen, both 
and other did not differ significantly at different times of day (Table 4.1). This is 
inconsistent with the first hypothesis. That being said, stingless bees foraging on 
apple flowers in Bilpin showed a noticeable, but insignificant, variations in visitation 
between at different times of day; visitation was highest in the morning and gradually 
decreased as time progressed (Fig. 4.1). Whilst the opening of anthers appears 
constant during the sample periods, and the number of flowers in various stages of 
anther dehisce does not vary significantly (Table 4.3), there are more flowers 
towards the later part of the day with all of their anthers open (Fig. 4.3C). Unlike 
nectar, once pollen is removed from an anther it is not replenished (Abrol 2012). As 
this study recorded the number of open anthers and not the amount of pollen 
available on each anther, it can only be speculated that flowers with all of their 
anthers open have less pollen available due to removal by insect visitors. For a better 
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understanding of pollen availability as it relates to insect abundance, future studies 
should quantify the number of anthers on each flower that are closed, open with 
pollen present and open with pollen absent.  
 
4.4.2. Patterns in abundance 
 
The abundance of honeybees visiting cherry flowers, as well as ants and stingless 
bees visiting apple flowers in Bilpin, did not differ significantly at different times of 
day (Table 4.2, Fig. 4.2). This is inconsistent with the first hypothesis that the 
abundance of each insect group would differ significantly across time. However, the 
abundance of stingless bees and ants on cherry, as well as honeybees on apple in 
both regions, do differ significantly (Table 4.2, Fig. 4.2). The inconsistency of these 
trends might be explained by temperature. According to Heard and Hendrikz (1993), 
the temperature below which stingless bees stop flying in Brisbane (Queensland) is 
18℃. The temperature below which honeybees become inactive is variable in 
different parts of the world, but in the United States, temperatures below 9-11℃ can 
halt activity (Burrill & Dietz 1981; Goller & Esch 1990). While temperature did not 
collectively vary significantly at different times of day (Table 4.4), temperatures 
experienced each day appear to be lowest during the 08:00 period on each crop, 
twice dropping below 18℃ when observing cherry crops (Fig. 4.4). This might 
explain the low abundance of stingless bees observed at this time, and the constant 
abundance of honeybees; temperatures were too cold for stingless bees but not 
honeybees (Fig. 4.2). However, temperature variation cannot adequately explain how 
the abundance of stingless bees, whom have a lower tolerance for cool temperatures 
than honeybees, remained constant on apple flowers in Bilpin whilst honeybee 
abundance was significantly lower at 08:00 (Fig. 4.2).  
 
Another possible explanation of the inconsistent insect activity across crops might be 
the timing of floral resource release. The abundance of honeybees visiting cherry 
flowers at the different times of day does not differ significantly, whilst their 
abundance is significantly lowest at the 08:00 on each apple crop (Fig. 4.2). As 
discussed in Section 2.3.2, there were significantly more honeybee nectar foragers 
visiting apple flowers in both regions than pollen foragers (Fig. 4.1). There were also 
more honeybee nectar foragers visiting cherry flowers (Fig. 4.1), but their numbers 
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did not differ significantly from pollen forging individuals (Section 2.3.2). Knowing 
this, examining the timing of nectar release might help explain the variations in 
honeybee abundance at different times of day. The highest amount of nectar 
produced by apple flowers in both regions is during the 08:00 sample period (Fig. 
4.3A), and this is when honeybee abundance on both apple crops is lowest (Fig. 4.2). 
This is inconsistent with the findings of Finta (2004), who found honeybees preferred 
to forage on apple flowers high in volume. However, the sucrose concentration of 
nectar at this time is at its lowest (Fig. 4.3B) and increases coinciding with the 
increase of honeybee abundance (Fig 4.2). Additionally, the sucrose concentration of 
cherry nectar remains stable at different times of day (Fig. 4.3B), which coincides 
with the abundance of honeybees remaining stable at different times of day (Fig. 
4.2).  
 
Whilst examining the impacts of nectar sucrose concentration on foraging behaviour, 
Arenas and Kohlmaier (2019) found that as the concentration of the sugar solution 
they provided decreased, a higher number of honeybee foragers switched from nectar 
foraging to pollen foraging. This shows that changes in sucrose concentration can 
influence the activity of foraging honeybees, as they will not collect solution when 
the sugar concentrations are not profitable (Arenas & Kohlmaier 2019). Even though 
the number of honeybees foraging for pollen and nectar in this experiment remained 
constant, with nectar foragers being dominant (Table 4.1, Figure 4.1), it is still likely 
that changes in nectar sucrose concentration influenced the abundance of honeybees 
on the apple and cherry crops. In order to accurately compare changes in the number 
of individuals foraging for different resources and the overall abundance of each 
insect group, future studies should measure these two factors at the same time using 
the same methods, rather than use recordings to measure behaviour and observations 
to measure abundance.  
 
The abundance of stingless bees is also better aligned with the timing of floral 
resource release rather than temperature changes. As discussed in Section 2.3.2, no 
stingless bees were recorded foraging for nectar when visiting flowers on both crops 
(Fig. 4.1). One of the reasons put forth for this in Section 2.4.2 was because the 
sucrose concentration of the nectar may have been too low. A study by Roubik et al. 
(1995) showed that the sugar concentration of nectar consumed by 16 different 
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stingless bee species (family Meliponini) ranged between 20-60%, with the average  
concentration being 44%. A study by Bartareau (1996) in Queensland (Australia) 
showed that Tetragonula carbonaria will forage for the highest sugar concentration 
in their range, which in their case was 40%, but their preferences change depending 
on the distance to that source. Since the sucrose concentration of nectar produced by 
cherry flowers was regularly below 20% (Fig. 3.4), this might explain the absence of 
nectar foraging stingless bees on cherry flowers. However, because the sucrose 
concentration of nectar produced by apple flowers in Bilpin sat within the 20-60% 
range (Fig. 3.4), this is unlikely to be the reasons behind absent stingless bee nectar 
foragers. As data regarding stored resources in stingless bee colonies during apple 
and cherry bloom was not feasible to collect during this study, future studies should 
investigate this as this can influence which resources they collect and how intensely 
they forage (Pierrot & Schlindwein 2003).  
 
As stingless bees foraged solely for pollen and not nectar on crop flowers, changes in 
their abundance should be compared to progression of anther opening. The 
proportion of apple flowers in Bilpin with none, some, most and all of their anthers 
open did not change significantly at different times of day (Table 4.3, Fig. 4.3C), and 
this suggests that apple pollen release might be relatively constant (J.B Unpublished 
cited in Vicens & Bosch 2000). This coincided with stingless bee abundance 
remaining relatively constant on apple flowers in Bilpin (Fig. 4.2). Also, the 
proportion of cherry flowers with none, some, most and all of their anthers dehisced 
did vary significantly throughout the day (Table 4.3, Fig. 4.3C). This variation is 
specifically seen on the first day of flower opening, as the majority of flowers on 
sequential days have all of their anthers open (Section 3.4.3). At 08:00 on the first 
day, the majority of cherry flowers had all of their anthers closed (Fig. 3.5A). This 
coincides with low stingless bee abundance during 08:00 and 09:00 observation 
periods (Fig. 4.2). These results are similar to those found by Pierrot and 
Schlindwein (2003). This study examined the daily changes in foraging behaviour of 
several stingless bee (Melipona scutellaris Latreille) colonies in Brazil and found 
that pollen foraging bouts are performed mostly between 05:00 and 09:00. They 
proposed that bees were most active at this time because pollen was most available at 
these time; by midday all pollen bearing flowers had either closed or been exhausted 
of their supply (Pierrot & Schlindwein 2003).  
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Unlike honeybees and stingless bees, the abundance of ants does not appear to follow 
the trend of any one floral resource. As discussed in Section 2.3.2, ants preferred to 
forage for nectar when visiting both apple and cherry flowers, with this trend being 
more obvious in apple than cherry because ant abundance in cherry was low overall 
(Fig. 4.1). As this is the case, looking at daily changes in nectar volume and sucrose 
concentration might best explain patterns in their abundance on both crops. Whist the 
concentration of sucrose in cherry nectar remains stable during each sample period, 
the volume of nectar produced is lowest at 08:00 and higher at later times (Fig. 4.3A, 
4.3B), coinciding with low ant abundance at 08:00 and higher abundance at later 
times (Fig. 4.2). However, the abundance of ants on apple flowers in Bilpin is 
relatively constant during each observation period (Fig. 4.2), whilst nectar volume 
produced by apple flowers is highest at 08:00 and the sucrose concentration is lowest 
during this time (Fig. 4.3A, 4.3B). The progression of anther dehiscence does not 
differ significantly during each of the sample periods (Fig. 4.3C), but as ants 
preferred to forage for nectar when visiting apple flowers, and there appears to be 
very low pollen foraging activity by ants at different times of day (Fig. 4.1) this an 
unlikely cause of their stable abundance on apple flowers. Herrera (1990) suggests 
that, in cases where only some patterns of pollinator effectiveness can be explained 
by the timing of floral resource release, the pollinator in question lacks significance 
to the plant’s reproduction. As ants don’t appear to be influenced by the timing of 
floral resource release, nor does their abundance match noticeable patterns in 
temperature (Fig. 4.4), their candidature as effective pollinators is questionable. 
Future studies should examine the specific motivations behind ant activity on apple 
and cherry crops.  
 
4.5. Conclusions 
 
The visitation patterns of honeybees, stingless bees and ants visiting apple and cherry 
crops were adequately described in this study. However, neither the first nor second 
hypothesis could be fully supported by this study. The number of individuals 
foraging for nectar, pollen, both and other from each insect group did not differ 
significantly at different times of day on each crop. The abundance of each insect 
group was not always lowest of a morning, coinciding with lower temperatures, 
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indicating that temperature did not significantly limit activity in this study. The 
changes in honeybee abundance best aligned with the changes in sucrose 
concentration of each crop, whilst the changes in stingless bee abundance is best 
aligned with the opening of anthers on apple and cherry crops. Ant abundance did 
not appear to follow any trends in temperature or floral resource release. Future 
studies need to identify what drives ant activity on apple and cherry crops and 
determine their significance as potential pollinators. Additionally, further testing is 
needed to better correlate the relationships between floral resource release and 
honeybee and stingless bee abundance and activity on apple and cherry crops.  
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 Final comments 
 
The findings of this study add to the limited knowledge regarding the release of 
floral resources by apple and cherry crops. This study revealed that apple and cherry 
flowers release their floral resources in different time frames. Cherry flowers release 
most of their resources on the first day of opening, with anthers opening rapidly after 
08:00 and nectar volume increasing as the day progresses. Apple flowers, on the 
other hand, release their resources gradually over a number of days. Apple anthers 
open progressively across three days, while the volume and sucrose concentration of 
nectar fluctuates at different times of day, as well as with the age of the apple flower. 
 
This study also provides previously unknown information about insect visitation to 
apple and cherry crops in Australia. This study uncovered that stingless bees 
(Tetragonula carbonaria), honeybees (Apis mellifera) and ants (family Formicidae) 
were the most abundant insect groups to visit apple and cherry flowers. The 
candidature of ants to be alternate pollinators of apple and cherry crops was 
questioned because their motives for being on the crops was unclear. Contrary to 
what was expected, stingless bees were the most abundant group visiting apple and 
cherry flowers in Bilpin, New South Wales, while honeybees were the most 
abundant group visiting apple flowers in Orange, New South Wales. The abundance 
of stingless bees increased coinciding with the progression of anther dehiscence and 
suspected availability of pollen, which they foraged for exclusively on apple and 
cherry crops. Meanwhile, honeybee abundance increased coinciding with the 
increase of sucrose in nectar which they preferred to collect from cherry and apple in 
both regions. Considering their high abundance and affinity for pollen collection, it 
could be inferred that stingless bees may have been more active in transporting 
pollen between flowers and may make suitable candidates for alternate pollinators to 
honeybees. 
 
Whilst stingless bees are prominent visitors and partial pollinators of many crops 
(Heard 1999), their contribution to the actual pollination, rather than visitation, of 
apple and cherry crops needs to be examined to test that they are indeed alternate 
pollinators to honeybees. Firstly, future research needs to examine the amount and 
type of resources stored in stingless bee colonies during apple and cherry bloom, as 
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deficiencies in stored resources may moderate what stingless bees forage for during 
bloom in the future (Pierrot & Schlindwein 2003). Secondly, the results in this study 
are not an indication of the pollination efficiency of stingless bees visiting apple or 
cherry crops. Whilst the assumption could be made that their abundance and affinity 
for pollen may make stingless bees more likely to increase the movement of pollen 
between flowers, the results of this study do not empirically show this. As such, in a 
similar manner to other studies regarding apple and cherry pollination by wild bees 
(Eeraerts et al. 2017; Mallinger et al. 2015), future studies should examine the 
contribution of stingless bees to the yield of these crops to determine their 
competency as alternate pollinators. 
 
Additionally, improvements to the design of this study might better describe the 
relationship of stingless bees and honeybees to apple and cherry crops. Honeybees 
were described in this study to be the dominant visitors to apple crops in Orange. 
However, as relatively few observations (Section 2.2.1) and recordings (Section 
2.2.2) were performed in Orange compared to Bilpin, caution should be taken when 
interpreting these results and more sampling should be done in this region to better 
understand insect visitation to crops grown there. Also, because this study shows that 
honeybees mostly foraged for nectar when visiting apple and cherry flowers, the 
frequency of side-working behaviours associated with nectar collection should be 
measured in order to properly consider their contribution to apple and cherry 
pollination (Russo et al. 2017). 
 
Another improvement that could be made to this study is to measure when pollen is 
available. This study examined the timing of anther dehiscence by arbitrarily 
quantifying the number of open anthers on each flower as a percentage, and this was 
compared to the activity of stingless bees. This method does not indicate if pollen is 
present or absent from open anthers, which is important as insect activity is more 
likely to be influenced by the availability of pollen on open anthers rather than the 
open or closed state of anthers. As such, this study would have benefited from 
classifying anthers as closed, opening with pollen present or open with pollen absent. 
Additionally, the methods used in this study to measure the abundance and foraging 
behaviour of insect visitors were separate; video recordings were used to assess 
foraging behaviours and observations were used to assess abundance. This made the 
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number of individuals foraging for different resources not directly comparable to the 
overall abundance of each insect group. These methods were chosen for different 
reasons; recordings gave researcher the ability to be more acuate about the 
behaviours being performed, while observations could be performed easily and 
cheaply compared to recordings. However, if both methods measured foraging 
behaviour and abundance then the percentage of the total population foraging for 
different resources could have been described and compared between the two 
methods, improving the accuracy of the results. 
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Appendix 1 
 
Table A-1. Results of pairwise Wilcoxon rank sum tests examining the differences 
and similarities between the abundance of the four main insect groups on each 
crop. 
Crop  A. mellifera T. carbonaria Formicidae 
  T. carbonaria 0.004 * - - 
Cherry- Bilpin Formicidae 0.031 * <0.001 * - 
  Other <0.001 * <0.001 * <0.001 * 
  T. carbonaria 0.015 * - - 
Apple- Bilpin Formicidae <0.001 * <0.001 * - 
  Other <0.001 * <0.001 * 0.186 
  T. carbonaria <0.001 * - - 
Apple- Orange Formicidae <0.001 * - - 
  Other <0.001 * 0.17 0.17 
 * indicates where results are significant (<0.05)  
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Appendix 2 
 
Table A-2. Results of pairwise Wilcoxon tests comparing the differences in nectar 
volume and sucrose concentration produced by bagged flowers across three 
successive days of sampling on each crop.     
Crop   Day 1 Day 2 
 
Volume 
Day 2 <0.001 *  
Cherry- Bilpin Day 3 9.1e-13 * 0.001 * 
 
Sucrose % 
Day 2 0.007 *  
 Day 3 - - 
 
Volume 
Day 2 0.61  
Apple- Bilpin Day 3 0.66 0.45 
 
Sucrose % 
Day 2 0.00014 *  
 Day 3 0.096 0.001 * 
 
Volume 
Day 2 <0.001 *  
Apple- Orange Day 3 0.246 <0.001 * 
 
Sucrose % 
Day 2 <0.001 *  
 Day 3 <0.001 * <0.001 * 
*  indicates where values are significant (<0.05)    
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Appendix 3 
 
Table A-3. Results of pairwise Wilcoxon tests comparing the differences in nectar 
volume and sucrose concentration produced by bagged flowers across time by 
each crop.   
Crop   08:00 10:00 12:00 
  10:00 0.01 *   
 Volume 12:00 0.06 1  
Cherry- Bilpin  14:00 0.214 1 1 
  10:00 0.30   
 Sucrose % 12:00 0.57 0.57  
  14:00 0.30 0.30 0.68 
  10:00 <0.001 *   
 Volume 12:00 <0.001 * 0.315  
Apple- Bilpin  14:00 <0.001 * 0.023 * 0.315 
  10:00 0.006 *   
 Sucrose % 12:00 0.016 * 1  
  14:00 0.165 1 1 
  10:00 0.020 *   
 Volume 12:00 0.56 0.015 *  
Apple- Orange  14:00 0.123 0.56 0.157 
  10:00 <0.001 *   
 Sucrose % 12:00 <0.001 * 1  
  14:00 <0.001 * 1 1 
*  indicates where values are significant (<0.05)  
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Appendix 4 
 
Table A-4. Results of pairwise Wilcoxon rank sum tests comparing the differences in abundance of each insect group at 
different times of the day on each crop.  
Crop Insect group   08:00 09:00 10:00 11:00 12:00 13:00 14:00 
    09:00 1.00             
    10:00 1.00 1.00           
    11:00 1.00 0.26 1.00         
  A. mellifera 12:00 1.00 1.00 1.00 1.00       
    13:00 1.00 1.00 1.00 1.00 1.00     
    14:00 1.00 1.00 1.00 1.00 1.00 1.00   
    15:00 0.87 1.00 1.00 0.19 1.00 1.00 1.00 
    09:00 1.00             
    10:00 1.00 0.757           
    11:00 0.211 0.033 * 1.00        
Cherry - 
Bilpin 
T. 
carbonaria 12:00 0.757 0.157 1.00 1.00       
    13:00 0.245 0.033 * 1.00 1.00       
    14:00 0.959 0.239 1.00 1.00 1.00 1.00   
    15:00 1.00 1.00 1.00 0.211 0.757 0.211 1.00 
    09:00 1.00             
    10:00 0.296 1.00           
    11:00 0.296 1.00 1.00         
  Formicidae 12:00 0.001 * 0.341 1.00 1.00       
    13:00 0.296 1.00 1.00 1.00 1.00     
    14:00 0.296 1.00 1.00 1.00 1.00 1.00   
    15:00 1.00 1.00 1.00 1.00 0.291 1.00 1.00 
    09:00 1.00             
    10:00 0.446 1.00           
    11:00 0.197 1.00 1.00         
  A. mellifera 12:00  <0.001 * 0.117 0.57 0.57       
    13:00 <0.001 * 0.182 0.73 0.652 1.00     
    14:00 0.003 * 0.57 1.00 1.00 1.00 1.00   
    15:00 0.142 1.00 1.00 1.00 0.652 0.732 0.721 
    09:00 1             
    10:00 1 1           
    11:00 1 1 1         
Apple - Bilpin 
T. 
carbonaria 12:00 1 1 1 1       
    13:00 1 1 1 1 1     
    14:00 1 1 1 1 1 1   
    15:00 1 1 1 1 1 1 1 
    09:00 1             
    10:00 1 1           
    11:00 1 1 1         
  Formicidae 12:00 1 1 1 1       
    13:00 1 1 1 1 1     
    14:00 1 1 1 1 1 1   
    15:00 1 1 1 1 1 1 1 
    09:00 1.00             
    10:00 0.015 * 1.00           
    11:00 0.371 1.00 1.00         
Apple - 
Orange A. mellifera 12:00 0.053 * 1.00 1.00 1.00       
    13:00 0.371 1.00 1.00 1.00 1.00     
    14:00 0.371 1.00 1.00 1.00 1.00 1.00   
    15:00 0.773 1.00 1.00 1.00 1.00 1.00 1.00 
* indicates where values are significant (<0.05) 
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